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Abstract
Self-organization of block copolymers becomes attractive for several branches of the 
current science and technology, which requires a cheap way of fabrication of well-ordered 
arrays of various nanoobjects. High ratio between the surface (or the interface) and the 
volume of the nanoobjects enables development of very efficient devices. The work within 
this thesis profits from the chemical dissimilarity between blocks of polystyrene-block-
poly(4-vinylpyridine)  copolymers,  where  polystyrene  forms  “a body”  of nanostructures 
and  poly(4-vinylpyridine)  is  “a link”  for  assemblies  with  low-molar-mass  additives. 
Procedures  and  phenomena  are  demonstrated  (observed)  on  few  sorts  of  PS-b-P4VP 
copolymers with respect to their molecular weight and ratio of blocks. Although there are 
many kinds of nanostructures based on block copolymers, only nanotemplates are involved 
in  the  study.  Their  properties,  like  an  influence  of  substrate  roughness  on  microphase 
separation, stability of porous nanotemplates in ionized solutions, or a role of additives in 
their supramolecular assembly, respectively, are investigated. All of them appears to be 
important in development of various devices based on the nanotemplates.
With  respect  to  optoelectronic  applications,  electrical  current  transport  and 
fluorescence are two basic phenomena studied on functionalized nanotemplates, developed 
in  the  thesis.  DC  transport  is  studied  on  nanostructures  developed  via  sputtering 
of chromium into porous nanotemplates. Sputtering process is optimized in dependence 
of chromium deposition rate, composition and pressure of ambient gas. It is shown that 
a reactive  nature  of  PS-b-P4VP  nanotemplates  enables  development  of  resistant 
organometallic nanotemplates. On the other hand, suppression of the polymer reactivity is 
achieved by oxidation of a metal during sputtering in a reactive gas. which enables e. g. 
development  of  highly  ordered  TiO2 nanodots.  Current-voltage  characteristics  are 
measured on “sandwich” devices (like LEDs) with various electrodes and composition. 
Several  recent  theoretical  models  fitting  the  characteristics  are  applied  together  with 
structural characterization techniques (like AFM or x-ray reflectivity) in order to elucidate 
relations among surface roughness, distribution of sputtered clusters, and carrier injection 
and  transport.  Fluorescence  is  studied  on  nanotemplates  with  organic  low-molar-mass 
dyes, developed either via direct blending with the copolymer or via soaking of porous 
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nanotemplates in dye solutions. Several relations between structure and fluorescence are 
observed. For instance, excimer emission in pyrene assemblies is supressed after ordering 
of  the  nanotemplate.  Solvent  induced  orientation  of  fluorescein  molecules  in  the 
nanotemplate  results  in  fluorescence  enhancement.  Dimerization  of  Rhodamine  6G  is 
dependent on the way of its impregnation in the nanotemplates (solvent, concentration, 
speed).
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1 Scope of the thesis 1
A brief  introduction about four basic topics is given within the sections below.  
Explication of microphase separation and self-assembly is focused namely on diblock  
copolymers because of their sole use in the thesis. Recent results of block copolymer 
nanolithography are reviewed after that. Section about electrical transport examines  
to elucidate specific features of polymers in respect to conventional (mostly inorganic)  
semiconductors.  Optical  properties  are  firstly  discussed  in  general,  after  that,  
photoluminescent  phenomena  are  circumscribed  within  various  homopolymers  and 
block copolymers, their blends and morphologies.
1.A Block copolymers and their self-assembly
Nanostructured  samples  in  the  thesis  are 
developed  using  diblock  copolymers.  Diblock 
copolymers represent  a  sort  of  block copolymers 
with  two  covalently  bonded  blocks  of  distinct 
macromolecules  (►Sch. 1.1).  Block  copolymers►1 
(BC)  generally  includes  also  other  sorts 
of macromolecules  like  triblock  copolymers, 
star-block  copolymers,  cyclic  block  copolymers 
etc. [ABE05,  HAD05] The most used macromolecules in diblock copolymer synthesis are 
polystyrene  (PS),  poly(methyl  methacrylate)  (PMMA),  polyvinylpyridine  (PVP), 
polyisoprene (PI), polybutadiene (PBt), polydimethylsiloxane (PDMS), and poly(ethylene 
oxide) (PEO). Although first block copolymers were synthesized in 1950s, the extensive 
research  entered upon advanced polymerization methods  at  the  end of  1980s.  [BAT90] 
Contemporary synthesis utilizes namely living polymerization techniques, [HAD05, BRA07] 
which enable a control over chain polydispersity (PDI):
►1 Block copolymers are sequences, or blocks, of chemically distinct repeat units.
1
Scheme 1.1: A diblock copolymer.
A-block B-block
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1. Living Anionic or Cationic Polymerization 
2. A  tom Transfer Free Radical Polymerization (ATRP) 
3. R  eversible Addition Fragmentation Chain Transfer (RAFT) 
4. G  roup Transfer Polymerization (GTP) 
Block  copolymer  enjoy  interest  thanks  to  ability  of  microphase  separation 
of chemically distinct blocks in microdomains of a nanometer scale. This advantage comes 
just from covalent coupling of the blocks because blends of polymers, which are identical 
with blocks  A and  B, provide microdomains of a micrometer scale. Therefore, the term 
“microphase  separation”  seems  obsolete,  however,  it  is  steadily  used  in  place 
of “nanophase separation” because of similar thermodynamic processes, which describes 
origin of microdomains (“nanodomains”). The nanometer scale►2 of the microdomains is 
eminent for many physico-chemical devices, since it is of the same order as the exciton 
diffusion length or the thickness of tunneling barriers. Also the surface to volume ratio, in 
comparison  with  blends  of  two  homopolymers,  is  much  higher  in  BC  microdomains 
(of about two orders of magnitude). This is challenging for surface dependent processes 
like photovoltaics, electroluminescence, catalysis, evaporation etc.
There are three principal factors which determines appearance of microdomains:  the 
total  degree  of  polymerization  N (= NA + NB),  the  Flory-Huggins  segment-segment  
interaction parameter χ, and the volume fractions of the blocks f (fA,  fB). [FRE96] Degree 
of polymerization predestinates the radius of gyration  Rg of the polymer and so the size 
of the microdomains in an indirect way. Growing of polymer chains is associated with 
characteristic  stretching  in  order  to  fill  space,  therefore,  N specifies  the  entropic 
contribution  to  the  overall  Gibbs  energy  of  the  block  copolymer.  On  the  other  hand, 
chemical  incompatibility  of  the  blocks  results  in  their  repulsion  and  so  it  inheres  to 
penetration  of  the  phase  A into  the  phase  B.  The  incompatibility  is  expressed  via 
the χ parameter,  which  is  a  rational  function  of  temperature►3 so  that  it  specifies  the 
enthalpic contribution to the overall Gibbs energy. Plot of the product χ·N vs. the volume 
fraction f of one of the blocks expresses phase balance between entropy and enthalpy of the 
block, therefore, it is called a phase diagram. Using the full self-consistent field theory 
►2 Usually tens of nanometers.
►3 =
C 1
T
−C2 , where C1 and C2 are constants.
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(SCFT), Matsen and Bates calculated the complete phase diagram of diblock copolymer 
melt (►Fig. 1.1). [MAT96]
Matsen and Bates found that diblock copolymer at χ·N less than ca. 10.5 is always in 
disordered state disregarding the volume fraction. This may occur at higher temperature 
and lower degree of polymerization. Diblock copolymers used in the thesis have N around 
400. Such degree of polymerization is usually enough high to overcome the order-disorder 
3
Figure 1.1: Diblock copolymer morphologies and a phase diagram. [MAT97]
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transition (ODT)  at  the  room  temperature.►4 Over  ODT,  the  copolymer  blocks  are 
segregated in microdomains according to the phase diagram (►Fig. 1.1). However, if χ·N is 
less than ca. 50 the phases are only moderately segregated, i.e. the phases fluctuate at the 
interfaces.  In  the  strong  segregation  regime (χ·N > 50),  the  interfaces  among  the 
microdomains  are  very  sharp  and  so  the  microdomains  are  well  defined.  In  strongly 
segregated diblock copolymer, the disordered state is observed only at high asymmetry, 
with volume fraction of the minor block less than ca. 5 %.
With  increasing  volume  fraction,  strongly  segregated  diblock  copolymer  forms 
body-centered cubic (BCC) arranged spheres (S) of A-phase for fA ≈ 5−15 %, hexagonally 
arranged cylinders (C) for fA ≈ 15−30 %, and stacking lamellae (L) for fA ≈ 30−50 %. For 
fA > 50 %, A-phase becomes a matrix for B-phase morphologies as is evident from the axial 
symmetry of the phase diagram at f = 0.5 (►Fig. 1.1). Weak segregated regime provides also 
intermediate  morphologies  as  close-packed  spheres (Scp)  or  bicontinuous  gyroids (G). 
Emergence of these morphologies in diblock copolymers is strongly dependent on both 
χ·N, and f, respectively.
Several further metastable morphologies, like hexagonal modulated lamellae (HML), 
hexagonal perforated lamellae (HPL), and double-diamond (D), were observed in diblock 
copolymer melts. [CAS04] In thin films, the alignment may be obtained via four general 
approaches, like  thickness control (film thickness, substrate topography, graphoepitaxy), 
control of  interfacial interaction (neutral or chemically patterned substrate,  interfacially 
segregated  particles),  external  field (electric  field,  single  layer  shearing,  eutectic 
solidification,  crystallization,  fast  solvent  annealing),  and  multiple  alignment  force 
(combined forces) respectively. [LIO06] Development of nanotemplates in the thesis props 
►4 Typical value of χ parameter in copolymer melts is around 0.1 (e. g. PS-P2VP); χ parameter  
of PS-P4VP several  times  higher  due  to  ionomeric  nature  of  P4VP.  [AVE00] It  is  also  
worthwhile to mention the experimental work of F. S. Bates et al. [SCH96] who estimated the  
thermal  dependence  of  χ  as  T =91.6/T−0.095  for  symmetric  PS-b-P2VP  via  
rheological  measurements.  Dai and Kramer  [DAI94] came to similar result  using forward  
recoil  spectrometry:  T =66/T−0.033 .  PS-P4VP copolymers  have  also  higher  ODT 
temperature than PS-P2VP due to greater dipole polarization as was found using thermally  
stimulated currents and dielectric relaxation spectroscopy. [ZHA07] The ODT transition may 
be taken as 10.5 even in thin films thicker than the microdomain periodicity. [KAT07]
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itself  upon solvent  annealing as  an external  field for  orientation of  the  microdomains. 
[SID03]
Although solvent induced orientation has been studied in several copolymer systems,►5 
the first SCFT theory of surface-induced phase transition of asymmetric diblock copolymer 
in  selective  solvents  was  developed recently  by Wang  et  al. [WJC06]  They considered 
a confined  liquid  film  of  AB  diblock  copolymer  dissolved  in  selective  solvent  at 
concentration f P=
nP N
nP NnS
, where N is the total degree of polymerization and nP, and nS, 
are number of copolymer chains, and solvent molecules respectively, in the film. The rate 
of confinement is expressed by a fraction W / Rg where W is the thickness of the film and 
Rg  is  the  radius  of  gyration  of  the 
copolymer. They demonstrate that at 
sufficient  high  concentration, 
coexistence  of  three  typical 
morphologies  is  allowed:  vesicles 
(V),  spheres (S),  and  rods (R) 
(►Fig. 1.2).
Confinement  takes  effect  at  ca. 
W < 35·Rg,  hence,  in  submicron 
films.  Vesicles  and  spheres  are 
forbidden only in very thin films at 
ca.  W < 5·Rg.  That  means,  only 
rod-like  morphology  is  enabled  in 
more  concentrated  liquid  thin  films 
of asymmetric  (fA = 0.15)  diblock 
copolymers. From this viewpoint, the 
drying  time  for  thin  liquid  films 
of asymmetric  diblock  copolymers 
appears  as  very  crucial,  since  it 
drives  the  emergence  of  micelle 
morphologies.  For  instance,  when 
►5 See the references in [LIO06].
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Figure  1.2:  Phase  diagram  (top)  and  morpho-
logies of confined asymmetric diblock copolymer 
dissolved  in  selective  solvent  at  molar  ratio 
fP = 0.15  (bottom).  The  phase  diagram  is 
calculated  for  fA = 0.15,  χAB·N = 15,  χAS·N = 50, 
and  χBS·N = 25.  Morphologies  are  shown  for  a 
(non-confined) bulk system (a), and for confined 
films of thickness W equal to 13.7·Rg (b), 13·Rg (c), 
8.2·Rg (d), and 2.7·Rg (e). Transcript from [WJC06].
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a thick liquid film of BC is dried very quickly, micellar creatures may directly shrink in 
a solid film and “molten-like” microphase separation doesn’t take place. This may leave 
also spheres, or even vesicles, in the film.
The phase diagram at  ►Fig. 1.2 also indicates that more diluted solutions are worse 
predictable due to number of phase transitions dependent on both thickness of the film and 
concentration. Although the work of Wang et al. [WJC06] provides a theoretical background 
for  solvent-induced self-assembly of  diblock copolymers,  they consider  only the effect 
of confinement and not the interaction of polymer with surface. Such surface interactions 
take effect in selective wetting via more adherent block of the copolymer. Also with respect 
to  quantization  of  the  thickness  in  BC  films,  two  types  of  wetting are  allowed:  the 
symmetric and the asymmetric one. An important manifestation of thickness quantization in 
BC films is their terracing which appears at the excess or the lack of BC in the thin film 
(see the thesis of I. Tokarev for further discussion [TOK04]).
Using  the  weak  segregation  approach,  parallel  orientation  is  preferred  at  small 
distortions of BC chains (compression or stretching) and higher adhesion to the surface. 
[ANG06,  TOK04] Perpendicular orientation may be achieved rather on neutral surfaces or 
via distortion of BC chains. For instance, distortions via artificial surface roughness were 
recently studied by Novikov et al. [TSO05] Nevertheless, even new structures still appear in 
recent  calculations  of  confined  asymmetric  diblock  copolymer  films,  as  the  theorists 
consider further parameters. [YUL06,  YAN06] So it turns out that thin film self-assembly 
even of pure diblock copolymers is multi-parametric dynamic process which may be even 
more  complex  for  diblock  copolymer  blends  with  low  molar  mass  additives  (see 
►Chapters 3 and 6).
1.B Nanolithography
Patterning of various materials using block copolymer nanotemplates is  one of the 
most discussed application of the nanotemplates. [PAR03,  HAM03,  SEG05,  LAZ06,  STO06, 
KRI06]  Nanofabrication  using  BC  nanotemplates  provides  an  optional  tool  to  the 
conventional  photolithography.  [BRA06]  It  is  compatible  with  the  “chip-on-silicon” 
technology, therefore, one may also combine the “top-down” process with the “bottom-up” 
process.  [CRT06,  HAW05]  Lithography  using  BC  nanotemplates  results  in  assemblies 
6
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of higher  aspect  ratio  (e. g.  nanorods)  than  other  techniques  based  on  self-assembled 
monolayers (SAM). [WOO07, ULM96] On the other hand, aspect ratio of BC nanotemplates 
is lower than those of the alumina templates, [LEI07] however, BC nanotemplates are more 
dense (they have lower pore diameter and periodicity).  Generally,  they provides plenty 
of patterns [MAG02,  LIO06,  ROG06] but only porous structures with holes normal to the 
substrate may be used as the mask in the lithographic procedure. In principle, only two 
morphologies  in  perpendicular  orientation  are  of  interest:  the  cylindrical  one  enables 
development of array of standing nanorods, while lithography through the lamellar one 
results in parallel nanowires along the substrate. 
Generally, neither other morphologies comes to naught (e. g. gyroidal). However, these 
“non-transparent”  morphologies  are  usually  functionalized  via  chemical  grafting  of the 
block copolymer to get appropriate volume ratio between blocks. For instance, preferential 
affinity  is  useful  for  patterning  of  functional  nanoparticles  [HAR06,  LIN05]  or  clay 
aggregates. [BOC05] Covalent grafting of low-molar-mass additives on block copolymer 
was demonstrated by Justynska et al. [JUS06] Then, various other synthesis approaches are 
utilized for patterning of functional elements. [LBC03, MAT05, WSZ07] 
BC  lithography  is  usually  realized  via  physical  vapor  deposition  (PVD)  or 
electrodeposition of metals into porous nanotemplates. Among PVD techniques, thermal 
evaporation and magnetron sputtering are preferred. [SHI02] Similar approach is described 
in  ►Chapter 4;  despite  of  the  procedure  published  by  Russell  et al.,  [SHI02]  we  have 
observed strong interaction of metallic chromium clusters with the polymeric nanotemplate 
so  that  polymer  removal  upon  sputtering  becomes  impossible.  Besides  PVD,  also 
metalorganic chemical vapor deposition (MOCVD) has been recently examined in order to 
develop an array of GaAs nanodots. [PAR06]
Electrodeposition of metals [HUR06, HET04] and their alloys is focused mainly on the 
applications  for  longitudinal  magnetic  recording.  [TER05]  Although  electrodeposition 
usually provides smaller clusters than PVD and the electrical force acting on the ionized 
clusters promises loading of porous structures with higher aspect ratio,  it  is  limited by 
necessity of non-corrosive bottom electrode, usually of only crystallographic orientation 
(e. g.  Cu(111)).  Since  the  topic  of  electrodeposition  of  metals  and  alloys  into  porous 
nanotemplates is quite extensive, it is not included in the thesis which focuses only on 
PVD.
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1.C Electrical transport
Traditional  classification  divides  materials  by  conductivity  into  conductors (high 
conductivity, e. g. metals),  insulators (low conductivity, e. g. glass), and  semiconductors 
(intermediate conductivity,  e. g. III-V compounds).  However, such classification is very 
rough  from  contemporary  viewpoint,  namely  considering  semiconductors,  whose 
conductivity  strongly  depends  on  temperature.  Nice  review  about  charge  transport  in 
organic semiconductors has been recently published by J.-L. Brédas et al. [COR07]
Polymers were generally denoted as insulators due to the weak overlap of molecular 
orbitals  (unlike  the  close-packed  structure  of  metals)  until  the  discovery  of enhanced 
electric conductivity in doped polyacetylene. [SHI77] It was shown over the years that so 
called conjugation is a key factor of conductivity in 
organic  solids.  Alternation  of single  and  multiple 
covalent bonds results in delocalization of electrons 
out-of-plane of the single bonds (σ orbitals) in the 
molecule. The delocalized electrons in π orbitals are 
not  separated  by  nuclei  of  atoms  in  the  chain, 
therefore,  they  are  undistinguishable  among  the 
atoms. Hence, they may arrange in an “electron gas” 
similar to the Drude model in metals. (►Fig. 1.3) In 
contrast to metals, the electron gas in the conjugated 
molecule is constrained to occupy only a very tiny 
band  along  the  conjugated  chain  of the  molecule. 
This band is usually dimerized in respect to Peierls 
instability  in  one-dimensional  metals  though, 
[PEI55, BEN04] therefore, the concept of continuous free electron band along the polymer 
chain (►Fig. 1.3) is rather incorrect (free electrons are segmented along the chain in fact). 
Also, metals possess more free electrons than conjugated carbon compounds. Moreover 
organic solids have usually more structural defects than crystal structures of metals which 
restrain conductivity of conjugated polymers.
One may consider graphite as an intermediate assembly between conjugated organic 
solids and metals. Planar stacking of π electrons in graphite is the cause of high anisotropy 
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Figure 1.3: Conjugation of π 
orbitals.
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of its conductivity (two-dimensional). Steric arrangements of π electrons are important also 
in polymers, e. g. in poly-N-vinylcarbazole (PVK), where electronic exchange interaction 
takes place among helically arranged carbazole pendant units grafted on the polyethylene 
(PE) main chain. [MEI74] Overlap of π electrons is more significant in polymers with larger 
pendant  units.  Therefore,  exchange  interaction  is  stronger  in  polymers  like  PVK,  or 
polyvinylnaphtalene  respectively,  in  contrast  to  polystyrene  or  polyvinylpyridine. 
Nevertheless, electronic exchange interaction is stronger in PS and PVP than in PE thanks 
to their conjugated pendant units.
Most of conjugated polymers are semiconductors after the simple classification. None 
the less,  they are different  from the conventional  inorganic semiconductors  (e. g.  Si  or 
GaAs) in respect to several parameters. Conjugated polymers are usually low-dielectric►6 
unlike the conventional semiconductors. As a consequence, Coulomb attraction between 
a charge carrier and a dopant or an impurity of opposite charge is stronger in conjugated 
polymers than in conventional semiconductors at the same temperature.►7 [GRE04] Then, 
the effective mass meff of carriers of conjugated polymers is usually higher than the mass 
of a free electron  me, in contrast to conventional semiconductors whose carriers possess 
lower effective mass than  me.  Both are of interest  namely for photovoltaic cells,  since 
enhanced  carrier  separation  at  the  heterojunctions  of  conjugated  polymers  (due  to 
electrostatic forces) increases the open circuit photovoltage. [GRE04] 
One-dimensional character of conductivity in conjugated polymers is accompanied by 
high charging which comes from a covalent disorder of the polymer. The disorder plays 
a crucial  role in the electrical  transport  since defects serve as traps for charge carriers. 
Trapping of charge carriers strongly influences their mobility. Depending on nature of the 
traps, the charge carriers and geometrical factors, several models were developed in the last 
decades. They account for ionic and electronic processes, space charge accumulation, or 
they  realize  the  band  or  the  hopping  approach.  [TEY05,  WAL02]  From  microscopic 
viewpoint, positional and energetic disorders in polymers tend to localization of charge 
carriers  in  the  material.  So  charge  transfer  is  possible  namely via  hopping  of  carriers 
►6 Permittivity ε < 5.
►7 There  is  higher  electrostatic  energy  in  conjugated  polymers  due  to  lower  permittivity:
E= q
2
40
⋅1
r .
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among the localized states in very disordered materials. [BLA01,  POL02] In contemporary 
models,  hopping  is  considered  to  have  either  dispersive,  [SCH75]  or  non-dispersive 
[BAS81]  character.  Although  these  models  can  explain  many  experimental  data, 
contradictory results were obtained namely in time-of-flight (ToF) experiments. [TYU03] 
However,  steady-state  experiments  seems  to  fit  well  to  the  non-dispersive  Gaussian 
disorder model (GDM). [BAS81, EME04]
Development  of  light  emitting  diodes,  photovoltaic  cells,  or  organic  transistors,  is 
coupled  together  with  studies  of  current  injection  and  doping  of  polymers.  Although 
doping  of  polymers  is  usually  performed  chemically  directly,  typical  performance 
of contact electrodes tends to physical doping of the device, e. g. via diffusion of metallic 
clusters into polymer. Depending on doping and other factors, concurrence of injection and 
“bulk”  transport  has  to  be  considered.  [ARK03]  Several  theories  were  developed  for 
evaluation of current-voltage characteristics of polymer diodes, some of them are discussed 
in ►Chapter 5 with respect to particular devices.
1.D Optical properties
Prior to discovery of the photoelectric effect by A. Einstein in 1905 (or let us say prior 
to the Planck’s model of blackbody radiation in 1899), the geometric and physical optics 
were only branches in optics. The first one describes propagation of electromagnetic waves 
(their wavefronts), namely at interfaces of dissimilar media. It focuses only on the track 
of the light so that it  is often called as  ray optics.  The second one involves also wave 
effects of the light, like its amplitude and phase, therefore, it is often called as wave optics.
Physics of 20th century takes the light as a set of electromagnetic waves, hence, the 
waves  which  have  both  electric  and  magnetic  components.  Thanks  to  de  Broglie 
hypothesis,  the  light  may be taken as  a  set  of  photons,  which  propagates  through the 
environment.  Generation,  control  and  detection  of  photons  is  a  matter  of  photonics. 
Implementation of the term “photonics” encapsulates the often terms like  electro-optics, 
optoelectronics, quantum optics, quantum electronics, or lightwave technology. [SAL07]
Within the theory about  generation of  light,  luminescence phenomenon [KRA88]  is 
mostly  studied  in  polymers  unlike  the  others  generation  mechanisms  like  black  body 
radiation (sunlight,  incandescent  light  bulbs,  particles  in  flames  etc.),  scintillation, 
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Cherenkov radiation, or some additional mechanisms. Luminescence itself is divided into 
several other terms which were denominated after source of generation (►Fig. 1.4).
Photoluminescence (PL) is matter of study on nanotemplates in this thesis. Absorption 
of photons induces excitation of valence electrons in excited states (►Fig. 1.5a). Subsequent 
nonradiative  vibration  relaxation (VR)  and  internal  conversion (IC)  in  excited  states 
(►Fig. 1.5b)  cause  usually  a  shift►8 of  emission  relative  to  excitation  because  electrons 
returns finally back to the ground state from the state of less energy (longer wavelength). 
But  there are  also molecules  with anti-Stokes  shift  in  which emission occurs  at  lower 
wavelength  than  excitation.►9 PL  generally  encapsulates  three  phenomena  which  are 
observed  depending  on  the  electronic  structure  of  molecules:  fluorescence (►Fig. 1.5c), 
phosphorescence (►Fig. 1.5d), and  delayed fluorescence (►Fig. 1.5e). Fluorescence doesn’t 
involve  change  of  electron  spin  and  de-excitation  is  practically  spontaneous. 
Phosphorescence  usually  involves  intersystem crossing (ISC)  of  excited  electrons  into 
energy states of higher spin multiplicity (≡ 2⋅S + 1), most often into a triplet state. Delayed 
►8 So called Stokes shift.
►9 Usually large polyatomic molecules, like e.g. benzoperylene. [BIR77]
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Figure  1.4: Kinds of luminescence and their characteristics. Grey items distinguish the 
most  often  luminescent  phenomena  studied  and  observed  in  polymers  (according  to 
references found via Web of Science®; marked those with at least 100 references).
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fluorescence occurs when excited electrons are “delayed” e.g. by ISC into a triplet state 
and subsequent thermally activated ISC back to the lowest excited singlet state (►Fig. 1.5e).
Absorption  usually  takes  femtoseconds  and  relaxation  in  excited  states  takes 
picoseconds. The proper fluorescent emission takes units up to hundreds of nanoseconds. 
Phenomenological  difference  among  fluorescence,  phosphorescence  and  delayed 
fluorescence lies  just  in  their  lifetimes.  De-excitations of  phosphorescence and delayed 
fluorescence  are  slower  than  in  fluorescence.  It  takes  milliseconds  up  to  days  in 
phosphorescence  and  microseconds  in  delayed  fluorescence.  Since  luminescent 
phenomena reflects dynamics of electrons among energy levels, they are valuable in the 
analysis of chemical compounds.
Luminescent  organic  molecules  and  polymers  are  predominantly  fluorescent. 
However, there are often used for complexation with e. g. lanthanides in order to stabilize 
phosphorescence of the transition metals. Nevertheless, phosphorescent complexes are not 
matter of this thesis. Similarly, neither study of electroluminescent nor chemiluminescent 
properties  are  included.  Fluorescent  measurements  are  performed  on  complexes 
of conjugated organic molecules with PS-b-P4VP block copolymer, or on dye solutions in 
various solvents (see ►Section 2.A.g for technical details).
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Figure  1.5:  Jablonski  energy  diagrams  of  photophysical  properties  in  conjugated 
molecules: (a) absorption (excitation), (b) relaxation in excited states, (c) fluorescence, (d) 
phosphorescence, (e) delayed fluorescence.  S0 – ground state,  S1,  S2 – excited states, 
T1 – triplet  state,  0..3 –  vibrational  states;  A –  absorption,  VR –  vibrational  relaxation, 
IC – internal  conversion,  F –  fluorescence,  ST –  singlet-triplet  intersystem  crossing, 
P – phosphorescence, TS – triplet-singlet intersystem crossing.
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The general  aim of  fluorescent  studies  in  this  thesis  is  a  relation among thin  film 
composition (blending ratio) and morphology on the one hand, and fluorescent intensity 
and efficiency on  the  other.  Such  studies  are  also  useful  for  the  other  PL phenomena 
because they provide basic concepts between the structural and optical parameters. None 
the less,  appearance of fluorescence is not sufficient condition for electroluminescence, 
since electroluminescence requires radiative recombination of electron-hole pairs in the 
depletion area of PN junctions. [SAL07] The principles can be applied also on photovoltaic 
devices which are reversely compatible with the electroluminescent devices in respect to 
the physical process.
Since the discovery of electroluminescence in a non-doped conjugated polymer thin 
film,  [BUR90,  BRA91]  the  research  was  concentrated  mostly  on  synthesis  of  novel 
luminescent  polymers  (see  e. g.  the  review  of  L. Akcelrud  [AKC03]).  Among  them, 
poly(para-phenylenevinylene)  (PPV),  poly(para-phenylene)  (PPP),  and  polyfluorenes 
became the most studied. It turned out that the most difficult is achievement of stable and 
intensive blue  emission in the  polymers.  In  many cases  emission is  namely shifted to 
longer wavelengths because of formation of excimers among polymer chains. Generally 
excimers may be suppressed by localization of chains in segments, e. g. via microphase 
separation.  However,  excimers  don’t  give  a  reason  for  e. g.  appearance  of  broad-band 
green emission of  polyfluorene.  Various shapes  of this  band are ascribed to molecular 
defects as well as film morphology. [CHE06]
Control of the color and the efficiency of light emission via microphase separation was 
firstly  demonstrated  on  PPP,  [ROM95]  which  was  copolymerized  with  polystyrene  via 
aromatization  of  cyclohexadiene  units  in  polystyrene-block-poly(1,3-cyclohexadiene) 
copolymer.  [FRA91]  Copolymers with other functional  units like phenylene ethynylene, 
fluorene, [LEC06,  LEC03] idenofluorene, [SUR05] or phenylene vinylene, [WAN04] were 
later examined and modeled. All these concepts involve chromophores placed in the main 
chain of the linear polymer.
Two- or three-dimensional conjugated networks of benzene units opened another way 
for development of optoelectronic materials. Namely various dendritic architectures enjoy 
interest thanks to large modularity. [LOB07, GAO03, BER99] Dendrimers enable to control 
intensity of fluorescent emission by number and branching architecture of the building 
units. [LIU03] Increase of quantum yield upon expansion of conjugation was also observed 
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in  planar  (2D)  molecules.  [LIM07]  Performance  of  light  emitting  devices  may  be 
furthermore  improved  using  photo-crosslinkable  copolymers,  which  are  thermally  and 
chemically resistant. [QIA06]
Finally, strategy based on grafting of chromophores on the polymers is key-point of 
this thesis. In contrast to the direct polymerization, the main advantage lies in selection of 
feasible  copolymers  with  simple  control  of  chain  parameters  (molecular  weight, 
polydispersity). Block copolymers can be selectively grafted via covalent, [JUS06] ionic, 
[CON06] coordination, or hydrogen bonds. [IKK04] The latter one is examined in thin films 
here, in ►Chapter 6.
In general, the most pronounced effect of the morphology on PL is its order. [HOE05] 
Enhancement  of  intensity  was  observed  e. g.  in  fluorene-based  amphiphiles,  [YAN07] 
amphiphile / silica nanocomposites with PPP and stilbene, [BHO06] europium complexes 
with a diblock copolymer, [CON05] or in doped ZnS or CdS nanocrystals. [MAN06, LOH07] 
Among the other effects, the microphase separation, [LUH05, SUR04] anisotropy, [WAN07] 
wave-guiding, [WAN06, YOO06, KIM05] enhanced surface of segments, [CIM03] or restricted 
molecular rotation [ZEN07] are the most important factors for tuning of optical properties 
of materials.
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2.A Characterization techniques
2.A.a AFM
Atomic  force  microscopy  (AFM)  [BIR03,  BON01,  WIE98]  is  the  most  used 
characterization technique in the thesis. It measures the interaction force between the tip 
and sample surface. Its application is versatile, we utilized namely the topography scanning 
in the TappingMode™ (Digital Instruments) for visualization of nanostructured surfaces 
and  for  scratch  tests.  It  was  performed  using  Dimension  3100  microscope  (Digital  
Instruments, Inc., Santa Barbara, U.S.A.).
High-resolution  on  rough  surfaces  is 
achieved thanks to coordination of the tip 
(nanometer-sharp)  oscillations  in  the 
feedback  (the  constant  force,  or  height, 
mode)  with  the  piezoelectric  tube  (PZT) 
scanner which controls the  z-scale of the 
sample (►Fig. 2.1).  One may suppress the 
feedback-loop gain (the constant height, or 
deflection,  mode),  however,  a complete 
switch-off  of  the  feedback  doesn’t 
interfere in thermal drift.
The  TappingMode™  (or  intermittent 
contact mode) eliminates the lateral forces 
unlike the others, contact and non-contact, 
modes.  Therefore,  higher  resolution  and 
lower  damage  of  the  film  are  achieved. 
It is  implemented  in  ambient  air  by 
oscillating the cantilever at or near the cantilever’s resonant frequency using a piezoelectric 
crystal.
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Figure  2.1:  Schematics of the atomic force 
microscopy.
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The  silicon  (phase)  tips  with  spring  constant  1.5−3.7 N·m-1,  resonant  frequency 
45−65 Hz, and tip radius about 10 nm, were preferred for scanning over the others. On the 
fine  chromium nanostructures  (►Chapter 4),  silicon  tips  of  radius  less  than  5 nm were 
damaged upon several scanning lines. If not specified else, all the presented images were 
acquired at the height scale of 10 nm.
Scratches in polymer films or chromium composites were performed either via a tang 
of  1 mm thick aluminum wire  or  via  a  syringe needle.  Scans  from 10 × 10 μm2 up to 
20 × 20 μm2 were acquired in order to visualize and calculate the step height, which was 
averaged over the scanning area. Scanning was realized under 90 ° angle.
2.A.b Profilometry
Profilometry is  useful  for operative determination of  step heights  namely on those 
samples,  which  are  deposited  on  transparent  substrates,  or  those  which  have  high 
absorption (top electrodes). Characterization of the thickness of polymer films is successful 
on the supposition that the polymer may be easily scratched. It is often more achievable in 
rigid polymer like poly-para-phenylenes. However, PS-b-P4VP based assemblies may be 
smoothly scratched by a tang of 1 mm thick aluminum wire. Step heights are calculated by 
subtraction of averaged profiles outside, and in the scratch, respectively similar to the AFM 
scratch  test.  A P10 profilometer  (KLA-Tencor  Corporation,  San  Jose,  U.S.A.)  in  IMC 
Prague was used for the analysis.
The profile  may be acquired on a  longer  track (up to 150 mm) than using the DI 
microscope (max. 80 μm). The stylus force is 0.05−50 mg with a resolution of 0.05 mg. 
The scan speed is 1 μm/s up to 25 mm/s. The vertical range is ±6.5 μm at a resolution 
of 0.08 Å or ±65 μm at a resolution of 0.8 Å. The horizontal resolution is 100 nm at 1 μm/s 
scan speed. The angle resolution is 0.001 °.
2.A.c Ellipsometry
The ellipsometer (►Fig. 2.2) analyzes variation of polarized light upon impact on layers 
of the film (either reflectance or transmittance). Since the method is non-destructive and 
fast, it is ranked among the most important tools for thin film analysis. Generally it has 
broad applicability and it is largely described in the book of Azzam and Bashara. [AZZ97] 
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We utilized  a  Multiskop  from  Optrel  GmbH (Kleinmachnow,  Germany),  [HAR97]  and 
a SE400 microspot ellipsometer from SENTECH Instruments GmbH (Berlin, Germany).
The ellipsometric constants (Δ, ψ) were acquired in reflectance mode at the 70 ° angle 
of incidence. For most of films, the Multiskop was preferred because a larger spot provides 
more accurate ellipsometric constants. Usually, we obtained macroscopically smooth films 
of almost uniform thickness over the film area so that the film parameters may be modeled 
for several sets of the constant. In the polymer films, thickness  d and refractive index  n 
of their layers were determined.
Thickness and refractive index were averaged for presentation. The refractive index is 
valuable for estimation of porosity of the nanotemplates, since the pore fraction of the thin 
polymer films may be calculated from the Bruggeman's effective-medium approximation 
equation: [BRU35]
1−
1−e
12e

2−e
22e
=0 (2.1)
where εi and εe are the dielectric constants of the ith component and the effective dielectric 
constant respectively, and  ν is the volume fraction of the second component of the film. 
The relationship between n and ε is given by ni2 = εi. In the porous films, n1 = 1.59 for PS 
matrix, and n2 = 1.0 for the air in pores respectively, are applied in the model. In order to 
calculated porosity ν, the experimental value of refractive index is substituted for ne.
2.A.d X-ray reflectivity
Similarly to ellipsometry, x-ray reflectivity provides non-destructive analysis of thin 
films.  Since  it  operates  with reflections  at  much shorter  wavelength than ellipsometry, 
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Figure 2.2: Schematics of the ellipsometer.
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[AZZ97] it is suitable even for profiled ultrathin films. Moreover it gives more complex 
vertical profile than can be obtained from the simple models of ellipsometry. X-ray may 
penetrate up to several μm so that the technique is not limited by metal absorption. Metal-
polymer interfaces are even more convenient  because x-ray absorption depends on the 
number of electrons in the elements. The practical background about the technique and its 
applications in polymer films are given by M. Tolan. [TOL99]
X-ray  reflectivity  was  measured  with  a  X-ray  diffractometer  XRD  3003  T/T 
(Seifert-FPM,  Freiberg,  Germany).  The  operating  wavelength  was  1.54 Å-1 (CuKα). 
Macroscopically  defect  free  films  were  prepared  on  substrates  of  lateral  dimensions 
25 × 20 mm2 at least. For a sufficiently precise scan, highly homogeneous area of at least 
20 × 10 mm2 is  required  (reflectivities  are  acquired  in  the  range  of  angles  0.02−10 °). 
Measurements of reflectivity curves of the films under study were running for at 10 h for 
every sample in order to obtain trustworthy statistics of the counts in the detector.
Electron density profiles  of  the multilayers  were modeled using Parratt’s  recursive 
algorithm, which is implemented within the program Parratt32 or The Reflectivity Tool – 
available at web pages of the Hahn-Meitner Institute in Berlin. This algorithm considers 
three basic parameters for each of the layers: the thickness d (Å), real and imaginary part 
of the electron density ρ (Å-2), and the interface roughness σ (Å). For advanced analysis on 
ITO substrates, method of Grave de Peralta and Temkin was used. [GDP03]
2.A.e XPS and XAS
Both  x-ray  photoelectron  spectroscopy  (XPS)  and  x-ray  absorption  spectroscopy 
(XAS)  were  performed  in  collaboration  with  the  group  of  Prof.  Schmeißer  in  BTU 
Cottbus. Both enable evaluation of surface chemical composition. [BRU84]
In  XPS,  x-ray photons  in  a  focused beam impact  on  the  sample  surface  and they 
penetrate through the film. Fixed wavelength of Mg Kα (1253.6 eV) was used as a source 
of x-rays in XPS. This photon energy is sufficiently high to kick out electrons bound at the 
material and produce a spectrum of bound electrons (ca. 100−700 eV) characteristic for the 
material. The spectrum is accompanied by inelastic scattered electrons, which are easily 
subtracted  due  to  exponential  decay  background.  Photoelectron  spectra  were  detected 
using an in-house made set-up installed at BTU Cottbus.
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XAS  is  a  generic  term  for  various  x-ray  techniques,  which  involves  absorption 
of x-rays.  Absorption  obeys  according  to  Beer’s  law.  XAS  may  be  performed  in 
transmission  or  in  reflection.  The  latter  was  used  for  characterization  of  the  metallic 
composites  presented  in  ►Chapter 4.  XAS  utilizes  monoenergetic  x-rays  from 
a synchrotron, which is a tunable light source. For evaluation of the samples under study, 
intensities of photons absorbed up to ca. 30 eV above the absorption edges are taken. The 
absorption intensity of the certain photon energy was calculated via electron detection, 
using  so  called  total  electron  yield  (TEY).  [SEI06]  This  includes  both  primary 
photoelectrons, and secondary Auger electrons, respectively. That means, the scaling depth 
is rather similar to those of XPS. Intensities of “more bulky” fluorescent detection is not 
presented on the samples. It was evaluated on chromium nanotemplates only in the thesis 
of O. Seifarth. [SEI06] XAS measurements were performed at the HEPHAISTOS set-up 
installed into the U49/2 PGM2 beamline at BESSY II (Berlin, Germany). [BAT01]
2.A.f Ultraviolet-visible spectroscopy
Ultraviolet-visible  spectroscopy  (UV-Vis)  is  suitable  for  characterization  of  many 
compounds thanks to their absorption of the light.  [BUR99,  PER92,  RAO75] In UV-Vis, 
absorbance  A, as a measure of ratio between the source intensity  I0 and the transmitted 
intensity I, is measured as function of the wavelength and it obeys the Beer-Lambert law:
A=−log I
I 0
=⋅c⋅b , (2.2)
where ε is the molar absorptivity,  c is concentration of solution and b is thickness of the 
cuvette. In the thin film, absorbance is usually expressed as follows:
A=−ln I
I 0
=⋅d⋅log e , (2.3)
where  α is  the absorption coefficient  of  the film material  and  d is  the film thickness. 
Absorption  spectra  reflect  electronic  structure  of  molecules  and  therefore,  their  shape 
depends  on  bonding  and  polarization  of  the  molecules  (the  Franck-Condon principle). 
[REI05] Spectra were acquired using dual beam spectrophotometers – Cary 100 (Varian,  
Inc., Palo Alto, U.S.A.) and Lambda 35 (Perkin-Elmer, Waltham, U.S.A.).
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2.A.g Fluorescence detection
Fluorescence spectroscopy became outstanding namely for the biochemical sciences, 
since fluorescent probes may visualize their complicate processes. [LAK06] Nevertheless, 
advanced state of fluorescent art extends its applicability over many fields of science and 
industry. In this study, we utilize fluorescent probes to clarify relation between structure 
of the thin film assemblies and their photoluminescent efficiency.
For dyes in solutions, the total fluorescent intensity in quanta per second F is defined 
as a product of the intensity of absorbed light Iabs and the quantum efficiency Φ [PAR60]
F=⋅I 0⋅1−10
−⋅c⋅b . (2.4)
For thin films, the relation may be rewritten in respect to (2.3) as:
F=⋅I0⋅1−e
−⋅d  . (2.5)
Since  the  thickness  varies  among  films  (5−10 %) due  to  deposition  aspects,  we 
calibrate them ( F c )  on the average thickness  da of  the set  of samples for comparison 
of their photo-luminescent (PL) intensities:
F c=F⋅1−e
−⋅d a
1−e−⋅d
. (2.6)
The spectra were recorded using LS 55 fluorimeter (Perkin-Elmer, Waltham, U.S.A.) in 
IMC Prague.
2.A.h Steady-state electrical current transport
Steady-state (DC) transport is distinguished for light emitting devices (LEDs) since it 
predestines their rate of recombination. However, as is shown in ►Chapter 5, it is useful for 
evaluation of thin film structures of functionalized nanotemplates too. The measurement is 
based on the sandwich architecture of LEDs, therefore, it reflects a current of carriers in 
dependence on the applied voltage (so called current-voltage characteristics, IUC). The 
films  were  deposited  on  slides  (glass  or  Si)  with  four,  2 mm wide,  stripes  of  bottom 
electrodes  and  were  covered  by  two,  also  2 mm  wide,  stripes  of  top  electrodes  (see 
►Fig. 2.3). This performance provides eight separate sandwiches for statistical evaluation 
of the characteristics.
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The characteristics were recorded with a Keithley 237 high-voltage source-measure 
unit (Keithley Instruments, Inc., Cleveland, U.S.A.) in IMC Prague. They were acquired at 
the  room  temperature  (24 °C)  and  the  diffusion  pump  vacuum  (ca.  5 × 10-3 Pa;  the 
measured devices were not encapsulated). All the IUC were rescaled to the current density 
J vs. the electric field E characteristics, JEC, according
J=I /S , and E=U /d , (2.7)
where S is the surface area of the contact between an electrode and the measured film and 
d is  the  film thickness.  Plots  of  JEC are  advantageous  for  comparison  of  the  current 
transport  in  general,  since  they  are  independent  just  on  the  contact  area  and  the  film 
thickness.
2.A.i NMR analysis
In  order  to  control  composition  of  prepared  solution  and  the  block  ratio  of  the 
purchased  copolymers  (see  ►Section 2.B.a),  we  involved  the  NMR  analysis.  1H NMR 
spectra (500 Mhz) of polymer solutions in CHCl3 were recorded on a Bruker Avance 500 
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Figure 2.3: Schematics of the device for steady-state transport 
measurements.
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spectrometer  (Bruker  BioSpin  GmbH,  Rheinstetten,  Germany)  by  Dr.  Komber  in  IPF 
Dresden e.V.
First we have checked few solutions in which a block copolymer (PS-b-P4VP)  and 
a low molar mass additive (ortho-HABA) were mixed in order to evaluate the systematic 
error of the preparation. We have found only less than 1 % variance between the NMR and 
the calculated ratio of the components. This is within an accuracy of the NMR technique. 
Likewise, we have found less than 1 % variance in the ratio of the blocks of the diblock 
copolymer as obvious in ►Tab. 2.1.
Furthermore, we utilized 1H NMR spectra for verification of ratio between block in the 
copolymers. As is shown in  ►Fig. 2.4, ratio of the minor P4VP block is obtained directly 
from the area of the peak  5,  since the spectrum is referenced on the  1+4 proton signal 
which  represents  the  whole  block  copolymer.  The  other  peaks  corresponds  to  solvent 
(CHCl3) and some impurities (mainly H2O).
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Figure 2.4: 1H NMR spectrum of S33P8 copolymer in CHCl3.
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2.B Experimental procedures
2.B.a Materials
§1 Polymers
All  the  polymers  used  in  the  thesis  were 
purchased  from  Polymer  Source,  Inc. 
(Montreal, Canada). Parameters of polystyrene-
diblock-poly(4-vinylpyridine) (PS-b-P4VP) 
copolymers  (►Sch. 2.1)  are  summarized  in 
►Tab. 2.1.
 PS-b-P4VP was prepared by living anionic 
polymerization  in  THF or  THF-DMF solvent 
mixtures at –78 °C. PS macroanions were end-
capped with a unit of diphenyl ethylene before adding 4-vinylpyridine monomer. [VAR93] 
For characterization, an aliquot of the anionic PS block was terminated before addition 
of 4-vinylpyridine and analyzed by size exclusion chromatography in DMF to obtain the 
molecular weight and polydispersity index (PDI). The composition of the block copolymer 
was determined by titration in acetic acid / HClO4 using crystal violet indicator. PDI of the 
copolymer was determined by size exclusion chromatography.
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Scheme  2.1:  Polystyrene-diblock-
poly(4-vinylpyridine).
CH
CH2
CH
CH2
N
PS P4VP
n m
- diblock -
declared by Polymer Source, Inc. NMR
denotation 
in the text Mn PDI
volume fraction 
of P4VP
volume fraction 
of P4VP
S34P3 36 900 1.07 0.079 (S) 0.073 (S)
S36P4 39 200 1.06 0.094 (S) 0.091 (S)
S40P6 45 600 1.09 0.123 (S) 0.128 (S)
S33P8 41 000 1.06 0.197 (C) 0.212 (C)
Table 2.1: The parameters of the diblock copolymers used for development 
of nanotemplates (S – spherical, C – cylindrical).
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For  reference  films,  the  following  polymers  were  purchased:  polystyrene (PS, 
Mn = 40 000,  PDI = 1.05),  carboxyl-terminated  polystyrene (PSCOOH,  Mn = 4 700, 
PDI = 1.09),  and  poly(4-vinylpyridine) (P4VP,  Mn = 5 100,  PDI = 1.09).  The 
homopolymers were also synthesized by anionic polymerization.
§2 Low molar mass additives
2-(4-hydroxyphenylazo)benzoic  acid  (ortho-HABA;  ≥99.5 %,  pure;  F.W. = 242.24, 
m.p. = 204−208 °C),  1-pyrenemethanol (PyM; 98 %; F.W. = 232.28; m.p. = 123−126 °C), 
2,1,3-benzoxadiazole-5-carboxylic acid (BOC; 97 %; F.W. = 164.12; m.p. = 157−160 °C), 
5(6)-carboxyfluorescein (COFL;  ≥95 %;  F.W. = 376.32;  m.p. = 275 °C),  4-(phenylazo) 
benzoic  acid (PHABA;  98 %;  F.W. = 226.23;  m.p. = 247−250 °C),  N-(4-methoxy-
benzylidene)  anthranilic  acid (MBAA;  98 %;  F.W. = 255.28),  and  4-((2,4-dihydroxy-
benzylidene)-amino)-benzoic  acid (DABA;  98 %;  F.W. = 257.25),  were  purchased  from 
Sigma-Aldrich corporation.
Rhodamine  6G (R6G;  95 %;  F.W. = 479.01;  m.p. = 290 °C)  was  purchased  from 
Merck KGaA (Darmstadt, Germany).  4-(4-hydroxyphenylazo)benzoic acid (para-HABA; 
F.W. = 242.24)  was  obtained  from Dr.  F.  Böhme,  whose  group  synthesized  it  in  IPF 
Dresden e.V.
§3 Solvents
All  the  solvents  and  acids  for  cleaning  and  preparation  of  solutions – 
dichloromethane,  ammonium  hydroxide  (28−30 % w/v solution  in  water),  hydrogen 
peroxide (30 % w/v solution in water),  1,4-dioxane, chloroform, toluene,  THF, pyridine, 
acetonitrile,  hexane,  acetone,  isopropanol,  ethanol,  methanol,  hydrochloric  acid, 
hydrofluoric acid, were purchased from  Acros Organics (Geel, Belgium) corporation, in 
p.a. grade.  Solvents  for  UV-Vis  and  fluorescent  measurements –  pyridine,  1,4-dioxane, 
isopropanol, ethanol, and methanol, were purchased from  Sigma-Aldrich corporation, in 
spectroscopic grade.
§4 Other materials
Si wafers were purchased from SilChem Handelsgeselschaft mbH (Freiberg, Germany) 
and  Si-Mat – Silicon Materials (Landsberg am Lech, Germany). Their parameters were: 
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Czochralski method of growth, orientation (100), doped by boron, single-side polished, 
thickness of 525 μm.
Selected float  glass slides coated by indium tin  
oxide (ITO), and with SiO2 barrier layer between the 
substrate and ITO, were purchased from Präzisions 
Glas & Optik GmbH (Iserlohn, Germany). They have 
following parameters: lateral size 25 × 25 mm2, glass 
thickness  of  1.1 mm,  resistivity  ≤20 Ohm/sq.,  ITO 
thickness  of 120−130 nm,  unpolished.  Substrates 
from fused silica in UV quality were purchased from 
the  same  company.  The  fused  silica  slides  have 
following  parameters:  lateral  size  25.5 × 12 mm2, 
glass thickness of 1.0 mm, polished from both sides. 
UV-Vis  absorption  spectra  of  both  ITO  slide,  and  fused  silica  slide  respectively,  are 
depicted on  ►Fig. 2.5.  Samples prepared on ITO slides were stored solely in  trays from 
Fluoroware™ (Entegris,  Inc.,  Chaska,  Minnesota,  U.S.A.)  and samples on Si wafer or 
fused  silica  in  glass  bottles.  Hellmanex  II from  Hellma  GmbH & Co.KG (Müllheim, 
Germany) was used for cleaning of fused silica.
Nitrogen  5.0,  argon  5.0,  oxygen  3.5  gases from  Messer  Group  GmbH (Sulzbach, 
Germany) were used either for blowing of the slides or as an atmosphere during magnetron 
sputtering.  Chromium,  gold  and  titanium  targets 
(of purity  ≥99.98 %)  were  purchased  from  MaTeck 
GmbH (Juelich, Germany).
A photoresist Photoposit™ SP 22 NH, photoresist 
solvent  Microposit  EC,  and  Defoamer  E4/30,  were 
purchased from Rohm and Haas Electronic Materials 
(Esslingen-Berkheim, Germany) corporation. Sodium 
hydroxide  pellets,  sodium  bicarbonate,  and  iron 
chloride  hexahydrate,  were  purchased  from  Sigma-
Aldrich corporation,  in  p.a. grade.  A blue  Schott  BG-25  filter was  purchased  from 
Präzisions  Glas  &  Optik  GmbH (Iserlohn,  Germany).  Its  transmittance  is  depicted 
at ►Fig. 2.6.
25
Figure  2.5:  UV-Vis  absorbance 
of ITO (solid line) and fused silica 
(dashed line) slides.
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Figure  2.6:  UV-Vis transmittance 
of BG-25 filter.
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2.B.b Treatment of substrates
§1 Cleaning of  silicon wafers and fused silica slides
Silicon  wafer  were  cut,  placed  in  PTFE  holders,  and  cleaned  in  ultrasonic  bath 
of dichloromethane twice for 5 min. After every step, they were thoroughly rinsed with 
Millipore water (at least three times). Afterwards, they were heated at 60 °C in cleaning 
solution  of  NH4OH,  H2O2,  and  Millipore  water,  in  ratio  3 : 3 : 4  for  90 min  (until  all 
peroxide evaporates). Finally, they were again thoroughly rinsed with Millipore water, kept 
in it for at least ten hours, and dried either in argon or nitrogen flow.
Fused silica slides were conscientiously washed in a detergent and in Millipore water, 
placed in PTFE holders thereafter. Then they were cleaned using the following sequence:
1. Sonification in 2 % v/v solution of Hellmanex in Millipore water for 15 min. 
2. Rinse twelve times in Millipore water. 
3. Sonification in isopropanol for 15 min. 
4. Rinse twelve times in Millipore water. 
Moreover they may be kept in Millipore water for several hours. Finally they were 
dried in inert gas flow.
§2 Stripping of  ITO
Development  of  either  four  or  two  ITO  electrodes  on  the  glass  slides  requires 
a photolithographic process, which consist of the following steps:
1. Cleaning of ITO slides before deposition of photoresist. Slides are washed in 
a detergent and hot Millipore water, thereon, cleaned in ultrasonic bath of acetone 
for 5 min and dried in argon flow.
2. Spin coating of photoresist. Photoposit SP 22 NH is diluted in  vol. ratio 1 : 4 
with Microposit EC solvent prior deposition. Around 0.5 ml of solution is cast on 
every slide and spun at the acceleration 10 000 rpm/s, the speed 2 000 rpm, and for 
60 s.
3. Drying. At 80 °C in vacuum for 20 min.
4. Exposition.  It  is necessary to scrape photoresist from the edges and flow in 
nitrogen prior exposition in order to simplify the subsequent development. Upon 
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the clean-up, slides are arranged in frames for exposition via the blue BG-25 filter 
placed on a halogen lamp, and illuminated at around 5 mW/cm2 for 10 min.
5. Development. The slides are developed in 0.8 % w/v NaOH solution in water 
(with 0.5 ml of Defoamer E4/30 per liter of water) at room temperature for 60 s (!). 
They are rinsed in Millipore water several times after that.
6. Etching. ITO is etched in 3 M HCl solution with a bit of FeCl3 at 55 °C for 
5 min.  Then  every  slide  is  rinsed  few times  in  Millipore  water,  basic  solution 
of NaHCO3, and again in Millipore water.
7. Removal of exposed photoresist. It is achieved after washing of the slides once 
in  1.6 % w/v NaOH solution in water  (with  0.5 ml  of  Defoamer  E4/30 per  liter 
of water) at 50 °C for 1 min and several times in Millipore water. Additionally, the 
slides may be rinsed in acetone.
§3 Cleaning of  ITO
Prior  deposition  of  polymer  films,  the  patterned  ITO slides  are  cleaned  using  the 
following procedure:
1. Washing of the slides separately in a detergent and Millipore water.
2. Sonification in dissolved detergent at 60 °C for 10 min.
3. Rinse twelve times in Millipore water.
4. Sonification in Millipore water at 60 °C for 10 min.
5. Rinse twelve times in Millipore water.
6. Sonification in acetone at room temperature for 10 min.
7. Rinse twelve times in Millipore water.
8. Sonification in isopropanol at room temperature for 10 min.
9. Rinse twelve times in Millipore water.
Finally the slides may be kept in Millipore water for several hours. Afterwards they 
were dried in inert gas flow.
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2.B.c Preparation of the nanotemplates
§1 Preparation of  solutions
With respect to solubility, practical concentration of solutions of PS-b-P4VP blends 
with LMA is less than 2 % w/v. Generally LMA is blended in molar ratio x to the monomer 
units of the P4VP block. Then the molecular weight of LMA per the block is:
M n ,LMA=x⋅
M n ,P4VP
M 4VP
⋅M LMA . (2.8)
Since the ratio A between Mn,LMA and Mn,PS-P4VP is
A=
x⋅M n , P4VP⋅M LMA
M n ,PS−P4VP⋅M 4VP
(2.9)
and  the  weight  of  the  blend  m = mPS-P4VP + mLMA = mPS-P4VP + A·mPS-P4VP,  the  weights 
of LMA, and PS-P4VP respectively, are
mLMA=
A
1A
⋅m , and mPS−P4VP=
1
1A
⋅m , (2.10)
respectively.  The  weight  m is  determined  with  respect  to  the  total  amount  and 
concentration  of  the  solution.  The  ratio  A is  in  range  0.10−0.35  for  equimolar  blends 
of LMAs with S36P4 under study (MLMA ≅ 160−380).
In the blend with P4VP homopolymer, there is only one block in principle, and the 
ratio B between MLMA and Mn,PS-P4VP is simply
B=
x⋅M LMA
M 4VP
(2.11)
and the weights of LMA, and P4VP respectively, are
mLMA=
B
1B
⋅m , and mP4VP=
1
1B
⋅m , (2.12)
respectively. The ratio B is in range 1.5−3.5 for equimolar blends of LMAs under study.
In  order  to  cast  50 nm thick  film  over  1 cm2 area,  it  is  required  ca.  5 μg  of  the 
assembly, if the density of the assembly of about 1 g/cm3 is assumed. For selected LMAs in 
equimolar ratio with P4VP, while 3.0−3.9 μg of LMA is necessary for formation of such 
film  in  the  assembly  with  homopolymer,  only  0.45−1.30 μg  of  LMA is  used  in  the 
assembly with block copolymer.
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In  preparation  of  the  solutions,  LMA and  BC  (or  homopolymer)  were  dissolved 
separately and then heated at 10−20 °C below the boiling point of the solvent in ultrasonic 
bath for at least 30 min. After this period, BC solution was gradually dropped in the LMA 
solution with continual sonification and heating, which were running further 30 min after 
the addition. Afterwards, sonification was switched off but heating was kept for further 2 h. 
Finally, the solutions were stored in a dark place at room temperature for at least three 
weeks in order to reach complete hydrogen bonding between LMA and P4VP.
§2 Thin film deposition
In the study, 0.8−2.0 % w/v solutions were used for thin film deposition. They were 
filtered with 0.2 μm PTFE filters prior to the deposition if the solution was stored for more 
than  5 h  after  last  use.  The  deposition  was  performed  either  via  dip-  or  spin-coating. 
Thickness  of  the  films  depends  primarily  on  concentration  of  the  solution,  later  on 
deposition  parameters.  At  constant  concentration,  broader  range  of  thickness  may  be 
achieved by spin coating, which results in two to three times thicker films at intermediate 
conditions.  Spin  coating  is  more  suitable  for  larger  areas  (at  least  several  square 
centimeters), while dip coating may be performed even at area 5 × 5 mm2. Moreover spin 
coating provides non-uniform thickness at the small area, which is of the interest for most 
investigations. The way of thickness dependence on speed is diverse between both methods 
because a thicker film is obtained at higher withdrawal speed of the dip coater but at lower 
acceleration and speed of the spin coater. Direct proportion at dip coating is achieved due 
to viscosity of the solution at the substrate during withdrawal (thicker liquid film at higher 
speed), while inverse proportion at  spin coating is determined by the centrifugal force. 
Finally, 0.1−0.5 ml of solution is consumed per sample at spin coating, while only few μl 
of solution are consumed at dip coating.
Dip coating was performed at withdrawal speeds of 0.1−1.5 mm/s. Lower speeds were 
not attainable by our in-house-made dip coater, and the higher resulted often in the film 
dewetting. The main parameter of spin coating is the acceleration of the revolutions, which 
is usually 1 000−10 000 rpm/s. Further, speeds of 500−5 000 rpm and time periods 30−60 s 
are suitable in light of quality of the film and time demands. Spin coating was performed 
using Karl Suss (Suss MicroTec AG, Garching, Germany) and SCS (SCS Specialty Coating 
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Systems, Indianapolis, U.S.A.) coaters in IPF Dresden, and Headway (Headway Research, 
Inc., Garland, Texas, U.S.A.) coater in IMC Prague.
Often,  films  intended  for  use  in  optoelectronic  applications  have  to  be  thermally 
annealed (around 80 °C in vacuum) in order to improve their  electronic stability.  With 
respect  to  thermal  instability  of  the  block  copolymer  assemblies,  thermal  annealing  is 
better omitted. Solvent escapes the polymer film shortly upon deposition, no differences in 
the film thickness were observed after three minutes (using ellipsometry). Moreover, it is 
recommended to dry the films prior further use.
As the film is shrunk upon deposition, it may be again swollen in certain solvent for 
ordering  or  re-orientation  purposes.  So  called  vapor  annealing  is  driven  by  the  rate 
of solvent saturation and the time period in the swollen state. Such state is induced either 
via  direct  exhibition of the film to saturated vapors of the solvent  (sample is  put into 
a crystallographic dish together with a  Petri  dish containing the solvent),  or  to gradual 
saturation in longer period (moreover, sample is introduced in a glass bottle with pinhole 
partition). The first tends to quite fast swelling of the film and can be applied for 5−30 min. 
The second goes on optimally tens of hours, usually 50−80 h. Optimal periods of annealing 
for both ways depends primarily on the film thickness.  Only quite narrow range of so 
called swelling ratio rSW (the ratio between the film thicknesses in the swollen and dry 
states)  is  allowed.  [TOK04]  When  conserved  sufficiently  long,  the  container  with  the 
sample should be opened as fast as possible (usually within a second), since shrinkage 
of the film shouldn’t be influenced by surroundings.
In order to remove LMA from the nanotemplate, the films were immersed in methanol 
for  5 min,  which  is  sufficiently  long  as  is  proven  by  UV-Vis  spectrometry,  [SID03] 
thereupon, films were carefully dried in inert gas flow. The porous nanotemplates may be 
subsequently loaded and their topography is clearly visible using atomic force microscopy.
§3 Cross-linking of  the nanotemplates
Since the porous nanotemplates are unstable in solvents and under higher temperatures 
(>50 °C),  a  method  for  their  stabilization  is  required.  Thanks  to  UV  degradation 
of aromatic hydrocarbons to aliphatic radicals, porous PS-b-P4VP nanotemplates may be 
cross-linked. [SUN06] Although degraded P4VP cannot be used in the original concept, 
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new possibilities are opened due to reactivity of LMA with post-radicals in the cross-linked 
network (see ►Chapter 6).
The required irradiation dose of about 2 J/cm2 is achieved upon 40 min of irradiation at 
254 nm with a germicidal UV lamp (type G8T5, 2.5 W, TecWest, Inc., U.S.A.), when the 
films are placed 15 cm from the lamp tube. [SUN06] Nanotemplates become stable even in 
5 % w/v HCl solution after such treatment.
2.B.d Physical vapor deposition
§1 Magnetron sputtering
All the depositions using a tectra GmbH (Frankfurt am Main, Germany) sputter coater 
were  performed  in  the  DC regime.  The  sputter  coater  includes  some  accessories  like 
a plasma cleaner,  or  a  quartz  microbalance  thickness  monitor  (TM).  After  introduction 
of sample,  it  is  proper  to  evacuate  the  chamber►1 at  lowest  possible  vacuum of  about 
5 × 10-4 mbar (5 × 10-2 Pa), refill with the gas desired as atmosphere for plasma generation, 
again evacuate at the lowest vacuum, and finally to let the gas in the chamber up to desired 
pressure,  which  is  of  2−8 × 10-2 mbar  for  plasma  cleaning,  and  1−8 × 10-3 mbar  for 
sputtering. 
Plasma  cleaning  was  applied  at  around  60 mA for  1 min.  Typical  round  corona 
discharge around the needle of the plasma cleaner was observed. Magnetron sputtering was 
performed at 20−100 mA and the thickness of the film was in-situ monitored with the TM. 
Since two targets may be placed in the coater, they are tilted to the normal plane of the 
sample, ca. about 30 °. Moreover the right target is farther than the left. That’s why, there 
are different tooling factors (1.2 for the left target and 1.4 for the right one) set in the 
memory of the TM in order to calibrate the thicknesses of layers deposited on the quartz 
microbalance and on the sample substrate. The following densities of materials were used: 
7.19 g/cm3 for chromium, 19.32 g/cm3 for gold, and 4.54 g/cm3 for titanium.►2
►1 A 260 l/s turbo molecular pump is installed.
►2 The value belongs to Ti in pure metallic state. Although sputtering under oxygen results in Ti  
oxidation, the value was kept, since it represents approximately a mean value between those  
for TiO (4.93 g/cm3) and for TiO2 (4.23 g/cm3).
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§2 Thermal evaporation
Thermal evaporation was used for deposition of top aluminum electrodes on devices 
for the study about electrical transport (see ►Chapter 5), entirely in IMC Prague. A diffusion 
pump  installed  in  the  evaporator  enables  achievement  of  high  vacuum  of 10-6 mbar 
(10-4 Pa), which is required for sufficiently long mean free path of evaporated aluminum 
particles. A piece of aluminum wire was hanged on a bended tungsten, which was heated 
by resistance in order to vaporize aluminum. Thicknesses of aluminum electrodes were 
checked  by  the  profilometer.  At  least  50 nm was  required  due  to  extensive  oxidation 
of aluminum on the air.
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3 Nanotemplates developed via 
self-assembly with ortho-HABA 3
Among  various  approaches  for  development  of  ordered  nanotemplates,  
PS-b-P4VP  diblock  copolymers  represent  an  important  sort  thanks  to  high 
incompatibility  of  its  blocks  and hydrogen  bond activity  of  P4VP block.  Acceptor  
character  of  P4VP  prompts  to  its  blending  with  hydrogen  bond  donors  and  so 
development of many functional thin film structures, self-assembled thanks to the block 
copolymer. None the less, formation of highly ordered nanostructures with high aspect  
ratio seems to be very limited by various physico-chemical properties which arises  
namely in thin films.
In the thin film, surface energy takes much higher effect than in bulk and it disturbs 
hydrogen bonding namely with such molecules whose electrical charge is anisotropically 
deployed over the molecule (surfactants). This is the case of PDP, which forms regular 
hierarchical structures with PS-b-P4VP in the bulk, [RUO99] but when cast in thin film, it 
is unevenly distributed over the thickness of the film. [TOK04]
Tokarev  chose  another  low  molar  mass  additive  (LMA)  in  his  thesis, 
2-(4-hydroxyphenylazo)benzoic acid (ortho-HABA), which promised improvement thanks 
to a number of its positive properties. First of all,  ortho-HABA is non-surfactant, since 
there  are  two hydrogen bonding groups  deployed  over  the  molecule.  Second,  there  is 
a choice, whether the carboxylic group, or the hydroxyl 
group  respectively,  would  be  involved  in  hydrogen 
bonding with 4-vinylpyridine (4VP) units of the block 
copolymer.  Third,  ortho-HABA  is  soluble  in 
1,4-dioxane (a selective solvent for PS-b-P4VP), and in 
chloroform (a non-selective solvent for PS-b-P4VP) in 
such extent which required for vapor annealing. Finally, 
ortho-HABA is  a  derivative  of azobenzene,  which  is 
known as  a  pigment  dye.  Such  property is  useful  for 
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Scheme  3.1:  Intramolecular 
hydrogen  bonding  in  2-(4-
hydroxyphenylazo)benzoic acid 
(ortho-HABA).
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UV-Vis characterization of the nanotemplates. On the other hand, azobenzenes are known 
by their photoisomerization so that its separation in nanodomains is challenging for data-
recording  applications.  Photoisomerization  study demonstrated  though  that  the  –N=N– 
chromophore in ortho-HABA is locked because of intramolecular hydrogen bonding with 
the carboxylic group (►Sch. 3.1). [TOK04] That means ortho-HABA has no other physical 
properties besides that mentioned above.
3.A Formation of the supramolecular assembly
In contrast to other procedures for development of nanotemplates, [HAM04, PAR03] the 
trick of porosity of the PS-b-P4VP nanotemplates lies in addition of  ortho-HABA in the 
self-assembly  which  may  be  selectively  extracted  e.g.  by  methanol.  Since  addition 
of ortho-HABA increases the volume fraction of P4VP phase, one has to take into account 
modification  of  the  morphology  in  case  of  significant  amount  of  the  additive.  When 
ortho-HABA is blended in stoichiometric ratio 1:1 with 4VP monomer units of the block 
copolymer, the volume fraction of the P4VP phase increases more than twice which evokes 
change  in  the  morphology.  In  particular,  use  of  spherical  block  copolymer  results  in 
formation of cylindrical morphology of the assembly (►Fig. 3.1a) and use of cylindrical 
block copolymer results in lamellar morphology (►Fig. 3.1b).
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Figure  3.1:  AFM  topography  (500 × 500 nm2)  of  (a)  cylindrical  and  (b)  lamellar 
perpendicularly aligned morphology of S36P4 + ortho-HABA thin film self-assembly. A 
mixed morphology (c) may be observed in case of volume stretching of phases during 
shrinkage  from a  swollen  state.  All  the  films  were  rinsed  with  methanol  for  higher 
topography contrast.
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Variation of the blending ratio tends to volume stretching of the morphology (max. few 
nanometers) and can result in phase transition. Observed mixed cylindrical morphology (of 
both perpendicular and parallel orientation, see ►Fig. 3.1c) is consequence of several factors 
though. Formation of certain morphology is dependent on concentration and thickness of 
the swollen film (see  ►Section 1.A) and of course, morphology in the swollen state (e. g. 
hexagonally-packed vs.  body-centered spheres).  One has  to  consider  also enviromental 
effects  like  humidity,  which  can  disturb  hydrogen  bonding  during  formation  of  the 
supramolecular assembly.
Selectivity  of  solvent  for  the  diblock  copolymer  is  another  key  factor,  which 
determinates rather orientation of the morphology. When the nanotemplate is deposited 
from non-selective chloroform e. g. in cylindrical morphology, cylinders aligns in parallel 
with the substrate, since in-plane orientation is preferred in block copolymer thin films. 
[MAG02,  FAS01] Moreover it was found that the in-plane cylinders arrange hexagonally 
only in the swollen state and they shrink into the distorted hexagonal morphology after 
drying  of  the  film.  [TOK04,  KIM98]  That  means,  while  the  microdomain  period 
of perpendicularly oriented cylinders is about 23 nm, the period for in-plane cylinders is 
about 32 nm (L0 × √2).
Finally,  roughness  of  the  substrate,  temperature  and  composition  of  the  ambient 
atmosphere during deposition have influence on formation of the nanotemplate. All the 
presented nanotemplates were deposited in range of 18−24 °C. We have to emphasize that 
melting  point  of  1,4-dioxane  is  about  12 °C.  An  impact  of  impurity  solvent  in  the 
atmosphere  during  deposition  can’t  be  ruled  out  as  well  because  shrinkage  of  the 
nanotemplate from swollen state is quite sensitive process. Unevennes of the substrate at 
the level of block copolymer length constrains the BC chains to arrange along the shape 
of the  substrate  and  so  it  may  easily  disturb  formation  of  certain  morphology  (see 
►Chapter 5).
3.B Properties of the nanotemplates
Besides  the  factors  influencing  formation  of  the  nanotemplates  there  are  several 
characteristic  features,  which enable to  expand their  applicability or  to  recognize their 
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microphase separation.  On the other  hand,  some of  them may hinder  their  subsequent 
loading for instance.
3.B.a Effect of solvent annealing
As mentioned above, formation of the nanotemplate depends on solvent in which BC 
and  ortho-HABA is  dissolved.  The  primary  morphology (►Fig. 3.1)  arises  in  the  stage 
of casting (dip, spin etc.) when the liquid film, which covers the substrate, is drying and the 
blend  of  BC and  ortho-HABA self-assembles  at  the  surface.  That  means  the  primary 
morphology is formed from a swollen state of solvent, which is used for dissolution of the 
components.
The swollen  state  is  eminent  because  it  provides  higher  degree  of  freedom to  the 
morphology. Gratefully, it may release local defects in the morphology and improve the 
lateral  order.  [ELB02]  However,  it  may  also  induce  various  intermediate  states  in  the 
morphology, for instance, when the swelling ratio is less than 2.5 and more than 3.0 in the 
cylindrical morphology of S36P4 + HABA. [TOK04] The swelling ratio determines volume 
fraction of the minor phase when selective solvent is used. That’s why only very narrow 
range of the swelling ratio is admissible if improvement of the lateral order is required. 
This may be achieved by fast annealing in saturated vapors (in several minutes), or by slow 
annealing  via  pinhole  partition  (in  tens  of  hours,  see  ►Section 2.B.c),  or  some  more 
sophisticated  approach.  The  lateral  order  may  be  improved  especially  by  slow  vapor 
annealing  (►Fig. 3.1).  The  optimal  annealing  period  depends  on  the  thickness  of  the 
nanotemplate; a thicker film requires longer annealing.
An interesting point of the solvent annealing is re-orientation of microdomains in the 
films.  The  S36P4 + HABA film  deposited  from dioxane  self-assembles  in  cylindrical, 
perpendicularly  aligned  morphology.  When  annealed  in  non-selective  chloroform,  the 
swollen state enables re-orientation of cylinders in parallel alignment, which is preferred 
by  energy.  Subsequent  shrinkage  doesn’t  allow  further  rearrangement  so  that 
S36P4 + HABA packs  into  distorted  hexagonal  cylindrical  morphology  with  parallel 
alignment. When again annealed in selective dioxane, increase of volume fraction of PS 
induces formation of spherical  morphology,  which can shrink back into the cylindrical 
morphology  but  in  perpendicular  alignment,  because  fast  shrinkage  doesn’t  allow  re-
orientation  of  cylinders  in  preferred  parallel  alignment.  [TOK05]  This  enables  to  limit 
oneself only to one favorable solvent for deposition and to induce certain alignment by 
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swelling in another solvent. For instance, it is more favorable to deposit S36P4 + HABA 
film from dioxane and to re-orient it  in chloroform after that,  because  ortho-HABA is 
better soluble in 1,4-dioxane.
3.B.b Formation of terraces
Terraces are proper to thin block copolymer films. They arise as a consequence of the 
excess of block copolymer, which doesn’t fit into the sublayer(s) of microdomains. They 
may  appear  as  islands  or  holes,  depending  on  the  local  excess  of  BC.  In 
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Figure 3.2: AFM topography (1 × 1 μm2) of S36P4 + ortho-HABA thin film self-assembly 
dip-coated from 1.5 % w/v solution in  1,4-dioxane (average film thickness of  40 nm), 
slowly annealed in vapors of 1,4-dioxane (60 hours) and rinsed with methanol.
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PS-b-P4VP + ortho-HABA nanotemplates,  we  can  recognize  several  kinds  of  terraces 
which are characteristic for certain morphology and its alignment. We have to emphasize 
that formation of terraces depends on the average thickness of the nanotemplate and in 
fact, they cause its quantization.
In the  cylindrical  morphology,  terraces are characteristic  in  both alignments.  Their 
formation  is  more  obvious  in  the  parallel  alignment  where  they  arise  by  simple 
rearrangement of the cylinders. Their characteristic step height in the parallel alignment is 
about  16 nm,  i. e.  L0 / √2.  Surprising  might  be  formation  of  terraces  in  perpendicular 
alignment. One would expect that the nanotemplate is smooth because it is unlikely that 
cylinders  of  dual  length  appear  in  the  perpendicular  alignment.  However,  emergence 
of terraces in the perpendicular alignment proves the mechanism of merging spheres into 
cylinders during shrinkage. [TOK05] Due to non-selectivity of solvent, the film passes into 
spherical morphology in the swollen state and when fast dried, spheres shrink together into 
cylinders  aligned  normal  to  the  substrate.  An  excess  of  spheres  results  in  formation 
of terraces. The step height of these terraces is usually about 5 nm, i. e. ca. 3 times less 
than in parallel alignment.
In the lamellar morphology, terraces are characteristic only for the parallel alignment. 
There were not observed in the perpendicular alignment where the surface wrinkles a bit 
possibly. It might be because of lower number of degrees of freedom for cylinder in the 
swollen state than for spheres. Lowering of degrees of freedom takes effect by use of non-
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Figure 3.3: AFM topography (40 × 40 μm2, (a)), 3D perspective and side view (b) and 
vertical profile (c) of a multiple terrace in S32V8 + HABA thin film.
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selective  solvent  too  when  the  multiple  terraces  are  more  numerous  in  the  parallel 
alignment  of  lamellar  morphology  than  in  cylindrical  morphology.  Characteristic  is 
appearance of cone-like terraces (►Fig. 3.3).
3.B.c Adhesion layer
Because of preferential affinity between blocks of the block copolymer with various 
materials, it is likely to form an adhesion layer at the substrate by one of the block. In 
PS-b-P4VP copolymer, P4VP block is mostly more adhesive to metals and other inorganic 
materials.  Adhesion  layer  takes  effect  in  refractive  index  of  the  porous  nanotemplate, 
which  is  ideally 1.50 for  S36P4 cylindrical  morphology with  perpendicular  alignment, 
however, usually is obtained 1.51−1.52 because of lowering of the pore fraction. [TOK05]
More plausible prove brings x-ray reflectivity which provides suitable fit only after 
introduction of thin adhesion layer (1−2 nm) in the model (►Fig. 3.4). The adhesion layer 
may hinder in the contact with substrate though (e. g. for electrodeposition), nonetheless 
we  believe,  that  its  thickness  is  too  low  in  order  to  make  an  electrical  barrier  for 
electrolyte. We demonstrate in ►Chapter 5 that its contribution to vertical resistance is really 
negligible.
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Figure 3.4:  X-ray reflectivity curves with corresponding depth profiles (in the inset) 
of ortho-HABA thin film assembly with S36P4, dip-coated and slowly annealed in 
1,4-dioxane prior and upon rinsing in methanol.
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3.B.d Effect of acidity on the porous nanotemplate
Stability of the porous nanotemplate in acidic and basic solutions is important namely 
for  electrodeposition  of  metals.  [SID04]  Since  P4VP block  is  polyelectrolyte  we  may 
expect its charging (protonation) namely below its isoelectric point (pH ≈ 5). Such activity 
can influence electrodeposition but also induce movements and swelling of P4VP chains 
and so damage the original structure of the nanotemplate.
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Figure 3.5: Various effects of acidic and basic water on the porous nanotemplate: rinsing 
in 5 % HCl solution (a) tends to expelling of P4VP; rinsing in highly basic water (pH = 11) 
(b) causes peeling and folding of the film together with overlapping of terraces; (c) less 
acidic water (pH < 3), or basic water (pH > 10) respectively, induces swelling of P4VP in 
the  pores;  backside  of  the  peeled  nanotemplate  (d)  (at  pH = 11)  exhibits  almost  no 
porosity. Figures (a,c,d) are acquired by tapping AFM (500 × 500 nm2), (b) is an optical 
image.
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Truly, when the nanotemplate is exhibited to strongly acidic water, P4VP is forced out 
of the pores (►Fig. 3.5a). In less acidic water (up to pH ≈ 3) P4VP only irreversibly swells 
in the pores, which increases the refraction index. Likewise, P4VP swells also in highly 
basic water (pH > 10, ►Fig. 3.5b). Higher pH also induces peeling of the nanotemplate from 
Si  wafer  (►Fig. 3.5c).  Partially  peeled  film  buckles  as  evident  from  superimposition 
of terraces. While front side of the nanotemplate maintains its surface pattern (►Fig. 3.5b), 
a scan taken from backside shows only rarely perforated film (►Fig. 3.5d).
The chapter summarized some basic aspects of PS-b-P4VP nanotemplates developed 
via  supramolecular  assemblies  with  ortho-HABA.  Results  presented  at  ►Fig. 3.1a,b, 
►Fig. 3.2 and ►Fig. 3.4 were obtained as intermediate steps in development of the advanced 
devices described later, and they are in accordance with the experiments of I. Tokarev. 
[TOK04] These results are supplemented by several other studies.
Terracing is natural consequence of quantization of the film thickness in BC films. 
However,  while  only  single  or  max.  double  terraces  were  observed  in  films  with 
cylindrical morphologies, [TOK04] multiple terraces appear in parallel lamellae (►Fig. 3.6). 
Nevertheless, association with terraces may be wrong because the observed feature may 
correspond with formation of stacked tubes which equalize distortions of lamellae on the 
surface,  e. g. due to surface impurities or defects like dewetting. We didn’t put further 
effort on investigation of these features, since they are not directly connected to the main 
interest of the thesis. None the less, they demonstrate further microscopic manifestation 
of BC films in parallel to well known terraces.
Finally,  effect  of  water  ionization  is  rather  important  for  functionalization  of  the 
nanotemplates because its study delimitates stability of the porous nanotemplates e. g. in 
electrochemical baths or aqueous solutions for dye-impregnation (see ►Section 6.C.a).
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4 Magnetron sputtering of metals 
into porous nanotemplates 4
Magnetron sputtering as a physical vapor deposition technique is often used in  
nanolithography  thanks  to  capability  to  deposit  non-conductive  and  thermostable  
materials, even alloys, without significant thermal radiation from the sputtering target  
onto the sample. Deposition into PS-b-P4VP nanotemplates is specific unlike other  
polymer nanotemplates just due to higher reactivity of vinylpyridine. This inheres in  
original  concept  of  development  of  metal  nanorods  though  but  it  brings  new 
possibilities  either  for  durable  organometallic  devices,  or  metal  oxide  nanorods,  
respectively.
Upon the impact of metal clusters onto polymer, many processes like adsorption and 
desorption, surface diffusion, nucleation and growth of critical clusters, diffusion into the 
bulk,  aggregation  in  the  bulk,  and  embedding  of  metal  clusters  into  the  polymer 
respectively, occur at the initial stages of formation of the metal-polymer interface. Various 
morphologies  for  different  stages  of  metal  growth  on  homopolymers  upon PVD were 
observed  using  TEM.  [ZAP00]  Such  processes  have  to  be  taken  into  account  also  on 
nanotemplates, which are even more complicate because of their porous surface.
4.A Interaction of clusters with nanotemplates
The  direct  nanopatterning  of  inorganic  materials  via  PVD  (in  contrast  to 
electrodeposition)  usually  results  in  covering  of  both  pores  and  polymeric  matrix 
respectively.  Moreover,  it  may  face  difficulties  associated  with  a  substitution  of  the 
polymer backbone atoms by a deposited metal. For instance, when chromium is evaporated 
onto  a porous  PS-PMMA nanotemplate,  [SHI02]  the  subsequent  dissolution  of  polymer 
might be troublesome due to high reactivity of chromium.
Chromium deposited via PVD might form composite materials with the polymer, like 
chromium carbides, nitrides and oxides. [KOV88] Deposition of low work function metals 
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onto aromatic carbon polymers results in modification of the carbon backbone forming 
strong carbon-metal bonds. [DAN93] Such interactions were recently studied  ab initio on 
basis of the second-order Möller–Plesset perturbation theory [ZHA05] in which the bonding 
nature depends significantly on the valence orbital of the metal atom and the π-bonding 
distribution of the aromatic hydrocarbons. Metallization of nitrogen-containing polymers 
by reactive  metals  like  nickel  leads  to  the  oxidation  of  the  metal  with  the  formation 
of nickel  nitride  at  the  interface.  [BEV02]  Metallization  of  PMMA and  other  oxygen-
containing polymers by nickel results in formation of nickel oxide at the interface. [BEP02]
Using  PVD  techniques,  the  porous  PS-P4VP  nanotemplate  may  be  even  more 
unsuitable  for  metal  dots  nanopatterning  than  the  PS-PMMA nanotemplate,  more  so, 
because of the above-mentioned high affinity of metals to P4VP. It was also shown that 
adhesive strength between PMMA-P2VP random copolymers and alumina increases with 
increasing  PVP  content  in  the  copolymer  and  the  effect  is  more  prominent  for 
PMMA-P4VP than for PMMA-P2VP. [KIM00] Passivation or cleavage of P4VP brush is 
required upon synthesis of the porous PS-P4VP nanotemplate for purpose of metal dots 
nanopatterning.
In order to increase chromium adhesion to the substrate, P4VP interface may be partially 
removed by plasma etching, namely the interface adjacent to the substrate. Afterwards no 
specific  reactions of  P4VP with the chromium should occur  and the chromium should 
appear  predominantly  in  metallic  or  oxide  state  in  pores.  The  most  used  for  polymer 
etching, oxygen RIE, may cause formation of NOx functionalities which are even more 
reactive  than  PVP itself.  Fluorinated  gases  (CF4,  C2F6)  hydrophobize  the  surface,  the 
others,  like  argon  or  hydrogen,  rather  hydrophilize  it.  Hydrophilic  pores  are  preferred 
especially in case of tight pores where the loading happens in the sequence “cluster by 
cluster” so that wetting plays a crucial role. On the other hand these clusters interact with 
pore walls. So when they are too hydrophilic, the clusters doesn’t reach the bottom of the 
pores because of enhanced nucleation and growth nearby the surface.
Moreover, the use of etching method in the pBC nanotemplates is generally limited 
due to high aspect ratio; the thinnest nanotemplate (ca. 17 nm) has aspect ratio ca. 2.5. 
Plasma treatment (especially oxygen RIE) may also produce lot of residues, which cannot 
be simply removed. Also, the residues interfere AFM scanning because they cause rapid 
contamination of the tip usually. Nevertheless, we have found that plasma etching improve 
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metal deposition when the thin pBC films are preliminary etched in argon at the following 
conditions:  pressure  5−7 × 10-2 mbar,  current  50−60 mA (at  250−320 V),  time  60−75 s 
(using the Tectra plasma cleaner). We assume that the substrate-adjacent P4VP layer is 
reduced upon the etching and the pore walls consist of mixture of P4VP and its plasma 
residues, which are rather hydrophilic.
4.A.a Sputtering of chromium into nanotemplates
The own metal deposition by sputtering includes several factors taking into account the 
pore variety (aspect ratio, wall and bottom treatment, affinity). First, the size of the clusters 
is limited. It is known that chromium and titanium form the smallest metallic clusters in 
contrast to e. g. gold. The cluster size may be tuned by setting of deposition rate and gas 
pressure.  Moreover,  Cr  and Ti  have  excellent  adhesion to  the common substrates,  and 
Cr possesses  also  tough  and  stable  oxides.  Second,  sputtered  metal  may  react  with 
polymeric template, there is high difference between very reactive Cr and non-reactive Au. 
Third, preferential affinity (wettability) to the polymer blocks comes into play.
Finally amount of deposited material determines if the pores are underloaded, loaded 
or  overloaded. It is hard to estimate the rate of loading in respective to the total amount 
of deposited  material  because  of  above  mentioned  factors.  Let’s  assume  the  deposited 
metal clusters are enough small in order to penetrate in the pores (ca. less then 5 nm). 
Adhesion to the substrate and affinity for P4VP are driving forces for the clusters, which 
are sputtered onto the porous nanotemplate. Most of the clusters should embed in the pores 
but a portion of them would stay on top of the matrix, which is partially covered with 
P4VP.  [TOK05]  Moreover  a  few of  clusters  diffuses  in  polymeric  matrix  where  it  can 
subsequently react. When all the clusters would be embedded only in the pores, one could 
calculate the rate of pore loading directly from the amount of deposited material. Taking 
into account porosity of nanotemplates of about 0.11 and density of deposited material, the 
deposited level is ca. 9 times higher than in the case in which the material is deposited as 
a monolayer (e. g.  ρCr = 7 140 kg·m-3 corresponds to amount of 0.714 μg·cm-2 for a 1 nm 
thick monolayer, as detected by the thickness monitor, and simultaneously to ca. 9 nm high 
Cr nanorods in the nanotemplate).
Chromium sputtered onto the porous nanotemplate is homogenously distributed (with 
no aggregates) over the area exposed to deposition as observed by optical microscope, 
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AFM and XPEEM. [TOK04] Also intensities of NEXAFS peaks seems to be proportional to 
amounts of deposited chromium. [TOK04] However, this is distorted by limited sampling 
depth of NEXAFS, which is 5−10 nm for polymers, and by possible interaction of first 
impinging Cr clusters with the polymeric nanotemplate (what might be included in the 
background).
After deposition of chromium onto the porous nanotemplate,  the topography of its 
surface is almost unchanged (►Fig. 4.1) when the pores are not overloaded. The only change 
is  appearance  of  chromium clusters,  which  decorates  the  porous  nanotemplate.  These 
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Figure  4.1:  AFM  topography  (1 × 1 μm2)  of  chromium  sputtered  into  the  porous 
nanotemplate  (NCr)  developed  via  self-assembly  of  S36P4  block  copolymer  with 
ortho-HABA. 
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clusters may be observed only with a fresh tip, which looses its radius significantly after 
1−3 scans,  because  of  surface hardness.  Typical  Si  tips  (see  ►Chapter 2 for  details)  are 
suitable for such scans since they possess good ratio between hardness and sharpness.
Ultrasharp tips with radius less than 5 nm are broken within several scan lines (at the 
engage  setpoint 1.0  and  no  variation  of  amplitude  setpoint  after  tip  approach  to 
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Figure  4.2:  Comparison of (a) x-ray reflectivity of 30 nm thick porous nanotemplate 
with  NCr  developed  via:  (b) via  fast  deposition  of  Cr  in  it  and  at  higher  pressure 
(deposition rate 1.5 nm (TM) at speed 0.7 nm/min, 6 × 10-3 mbar), (c) slow deposition 
of Cr  in  it  and  at  lowest  argon  pressure  (deposition  rate  1.5 nm  (TM)  at  speed 
0.4 nm/min,  1.2 × 10-3 mbar). Enhancement  in  the  electron  density  for  (d)  fast 
deposition and (e) slow deposition is depicted by solid line in the calculated profiles in 
comparison  with  the  porous  nanotemplate  (dot  line).  Respective  distributions  of 
chromium clusters upon both modes of sputtering are sketched on the right (d,e).
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the surface). The nanotemplated chromium (NCr, i. e. Nanotemplate organized Cr) adopts 
lateral periodicity of the porous nanotemplate as was proven also by GISAXS. [TOK04]
Cluster size of the chromium is another important factor for loading of the porous 
nanotemplate.  X-ray reflectivity profiles  calculated from x-ray reflectivity curves show 
(►Fig. 4.2) that the pores may be loaded only in case of low deposition pressure and slow 
deposition  (low  current).  An  enhancement  of  electron  density  in  the  nanotemplate 
(►Fig. 4.2c,e)  was  observed  only  after  slow  deposition  of  chromium  into  the  porous 
nanotemplate in comparison with the porous nanotemplate itself (►Fig. 4.2a).  Otherwise, 
the high current produce bigger clusters, which cannot penetrate into the pores, and only 
a crust shaping the top of the porous nanotemplate rises up to uniform layer of chromium 
sitting on the porous nanotemplate (►Fig. 4.2b,d).
4.B Chromium nanotemplates
The chromium crust (►Fig 4.2d) reinforces the porous nanotemplate even against a hot 
solvent,  ultrasonification  or  melting  point  of  PS-b-P4VP (190 °C).  If  a  bit  of  solvent 
penetrate via the crust, a part of polymer is dissolved and it can shift e. g. upon a whiff 
of rest solvent aside the surface. This shift induces distortion in the chromium crust, which 
takes effect of wavy zigzag topography (►Fig. 4.3a).
The  template  pattern  remains  entire  as  well  as  the  average  thickness  of  the  film 
(checked by scratch test). Additional ultrasonification may cause ablation of the film in the 
terrace places, apparently because of worse chromium coverage at the terrace borderline. 
Nanostructure and film thickness in the vicinity of ablation remain intact (►Fig. 4.3b). The 
template pattern  stays  undamaged even when it  is  subsequently annealed slightly over 
melting point of BC, at 200 °C in a vacuum oven for 15 h, and it is rinsed with THF for 
15 min (►Fig. 4.3c). Subsequent annealing at 250 °C for 12 h (rinsed with THF again) lets 
the liquidized polymer to penetrate via the chromium crust. A part of the polymer cannot 
be rinsed away because of adhesion and it stays as bumps on the patterned chromium crust 
(►Fig. 4.3d).
All these experiments indicate formation of a crust based on chromium which adopts 
the pattern of the subjacent  pBC nanotemplate.  It  is  questionable so far  if  the crust  is 
porous (and we could then speak about a chromium membrane), as it could result from the 
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AFM images (►Fig. 4.3a-d). Then the subjacent polymer should be rinsed aside the sample 
relatively easily.  On the other hand, the subjacent polymer is  modified with chromium 
during  sputtering  as  results  from  slight  increase  of  the  electron  density  of  this  layer 
(►Fig. 4.2d,e). So it might be difficult to rinse the sublayer aside the sample. The particular 
chromium distribution depends on diffusion of the sputtered chromium in the polymeric 
sublayer and subsequent reactions with it what may be a relatively slow process (hours).
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Figure  4.3:  NCr  upon  various  treatments.  (a)  AFM  20 × 20 μm2 image  of  zig-zag 
formed NCr upon late rinsing with solvent (THF, 2 × 15 min). (b) AFM 500 × 500 nm2 
image of NCr additionally rinsed with solvent in ultrasonic bath; border of a removed 
terrace  is  depicted.  (c)  Subsequent  annealing  at  200 °C keeps  NCr  intact  (AFM 
500 × 500 nm2).  (d)  Molten polymer penetrate  on surface after  annealing at  250 °C 
(AFM 500 × 500 μm2). CrN is formed underneath the polymeric dots.
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When the chromium is sputtered slowly (low current,  15−30 mA, corresponding to 
rate, which is less than 0.5 nm/min (TM)), the clusters escape the target at small intensity. 
When the process takes place under low deposition pressure (< 1.3 × 10-3 mbar), then there 
is high chance that they hit the sample as smaller clusters than in case of high deposition 
pressure and fast deposition, thanks to long mean free path. Smaller clusters can easily 
penetrate not only into the pores but also in the polymer matrix (PS). Chromium in the 
vicinity of polymer reacts with it. When the sample is rinsed with THF immediately after 
sputtering, the polymer may be rinsed aside and film thickness decreases.►1 This rinse 
of the  polymer  isn't  well  reproducible,  the  chances  decrease  to  minimum after  several 
hours.►2 When the rinse is successful one gets chromium cluster on the substrate as is 
shown at ►Fig. 4.4. When the porous nanotemplate is not ordered before the clusters might 
look like densely packed dots (in the inset of ►Fig. 4.4a). Otherwise there is clear evidence 
for conversion of NCr in chromium based nanotemplate (►Fig. 4.4a).
Polymer degradation is a reproducible way for taking away the polymer from the film. 
Polymer may be cross-linked and evaporated via degradation and the resulting species may 
again interact with a free chromium. All the process is accomplished by film shrinkage, the 
same as  in  case  of  solvent  rinse,  as  was  confirmed  by scratch  test  in  the  same  way. 
Topography of such sample, annealed at 500 °C for 5 h is depicted at ►Fig. 4.4b. In practice, 
annealing at 450 °C for 30 min or even less is sufficient. 
One can pay attention to the similarity of topographies of the samples where polymer 
has been lifted off  via dissolution and degradation.  FFT prototypes shows hexagonally 
ordered topography which comes from pores (after detailed look on the real image). The 
chromium  clusters  are  arrayed  around  the  pores  in  unequal  number  (ca. 5−9).  The 
regularity in pore distribution, irregularity in the chromium cluster distribution which are 
packed around, give a conception of  chromium based nanotemplate (CrN, i. e.  Cr based 
compounds forms a  Nanotemplate) instead of dense chromium nanodots. The chromium 
►1 The observed decrease was from 17 nm to ca. 7 nm as confirmed with a scratch test. But the  
scratch was not perfect because of hardness of the rest material. Therefore, bottommost points  
of the profile have been taken.
►2 Two samples with the same BC deposition were sputtered with chromium concurrently at the  
same conditions. One of them was rinsed immediately after deposition and the film shrinkage  
was  observed,  the  other  one  was  put  through  the  rinse  next  day  and  no  shrinkage  was 
observed.
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clusters are organized via the porous nanotemplate because they interact with the block 
copolymer, mainly with P4VP.
Rate of deposition is another parameter which can have an influence on appearance 
of the above-mentioned topography. This rate is detected simultaneously with deposition 
using a quartz microbalance thickness monitor installed close to the sample in the vacuum 
chamber.  Taking  into  account  porosity  of  the  nanotemplates  (0.11−0.12),  which  were 
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Figure  4.4:  AFM topography  (500 × 500 nm2)  of  CrN,  which  can  be  developed  via 
various treatments. (a) NCr was rinsed with THF (disodered CrN in the inset might give 
impression of densely packed dots).  (b) CrN made by degradation of NCr (1.0 nm) 
sputtered into 17 nm thick porous nanotemplate. (c) CrN made by degradation of NCr 
(0.1 nm) sputtered into 17 nm thick porous nanotemplate (height range of 4 nm). (d) 
CrN made via dissolution in ammonia-peroxide bath.
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estimated by ellipsometry (Bruggeman) and x-ray reflectivity (electron density profile), 
each 1 nm of material detected using TM corresponds to a 9 nm thick level ideally loaded 
in  pores,  or  to  0.071 µg/cm2, respectively,  if  chromium forms  continuous  layers.  The 
above-mentioned depositions were performed by simultaneous sputtering of 1 nm (TM) 
chromium in 17 nm thick pBC nanotemplates. Pores are loaded sufficiently under their 
height  upon such deposition.  When only 0.1 nm (TM) is  deposited in the 17 nm thick 
porous nanotemplate, its degradation gives the same product with only lower height scale 
(►Fig. 4.4c).
Finally, there is a well-known procedure for converting NCr into CrN. It lies in simple 
rinse of NCr in ammonia-peroxide bath (NH3OH : H2O2 : H2O = 3 : 3 : 4),  which is btw. 
used for cleaning of silicon. It is important to perform it at the room temperature because 
use standard elevated temperature (65 °C) tends to extensive damage of NCr even at lower 
bath concentration. Resultant CrN may content impurities (like particles) on its surface 
(►Fig. 4.4d), however, we didn’t make effort to improve cleanness of the bath so far. 
4.B.a Photoelectron spectroscopy
The above-described deposition gives homogeneous coverage of the chromium and no 
specific domains in composition at micrometer scale appear, as PEEM (Photo-Emission 
Electron Microscopy) has shown. [SEI06] The only micrometer entities may be terraces 
which we can concurrently observe using AFM and PEEM (in the intensity). The terraces 
remain  well-preserved  upon  polymer  degradation  or  washing,  only  their  height  has 
contracted to 3 nm from initial 7 nm (PBC film covered with chromium).
We  performed  surface  composition  analysis  using  XPS  (X-ray  Photoelectron 
Spectroscopy). We compared carbon (1s), chromium (2p3/2), oxygen (1s) and nitrogen (1s) 
signals  for  variously  performed  CrN  (where  polymer  was  removed).  The  carbon  (1s) 
spectra of degraded and dissolved chromium nanotemplates are shown in ►Fig. 4.5a. First, 
all the presented spectra of CrN demonstrate appearance of carbonates (as compared with 
a PS  standard),  which  have  their  peak  about  290 eV.  Then,  P4VP  contributes  to 
photoelectron (PE) intensity around 287 eV, that's why, the spectra of CrN are broadened 
around this value in comparison with PS (286 eV). PE intensity of carbonates contained in 
the chromium samples depends on treatment as is apparent of relative height of these peaks 
with respect to main peaks.
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As one may expect, the sample with lowest deposition (0.1 nm) possesses the smaller 
proportion of carbonates than the samples with 1 nm deposition.  The degraded sample 
distinguishes  from  the  dissolved  sample  because  of  higher  probability  of  carbonate 
formation which  happens by reactions  of  chromium with  vapors  of  degraded polymer 
under  air  (oxygen).  Moreover  main peak position of the degraded sample is  shifted to 
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Figure 4.5:  XPS spectra of CrN (line+scatter) are compared with reference P4VP (solid 
line) and PS (dash line) films. Signals of (a) carbon 1s, (b) oxygen 1s, (c) chromium 2p3/2, 
and (d) nitrogen 1s respectively, are depicted. CrN were developed via various treatment, 
like THF rinse of polymer in NCr with deposition rate of 1 nm (cross-circle scatter),  or 
thermal  decomposition  (degradation)  of  polymer  in  NCr  with  deposition  rate  1 nm 
(full-square scatter) and 0.1 nm (empty-square scatter). Backgrounds were substracted 
as constant value. XPS spectra of CrN were then normalized in order to see peak shifts 
well.
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lower values by 1 eV which proves the degradation of organic carbon into inorganic carbon 
(e. g. graphite).
Carbonates in the chromium samples were found also in oxygen range (about 531 eV, 
►Fig. 4.5b). This peak concurs broad oxide peak which starts at 528 eV and ends at 531 eV. 
Both  contributions  are  highest  in  case  of  the  degraded  sample  because  of  chromium 
highest reaction with oxygen (and carbon). Significant contribution to main peak comes 
from SiO2 which almost only contribution in case of PS and P4VP.
Chromium signal (►Fig. 4.5c) give an evidence of chromium oxides in all the chromium 
samples (about 577−580 eV in 2p3/2) and no appearance of metallic form (narrow about 
574 eV).  However,  chromium  nitrides  are  formed,  again  with  increasing  amount 
of chromium and reactivity of polymer residues (namely upon degradation). The degraded 
sample is significantly distinguishable also in nitrogen spectra (►Fig. 4.5d), where it shifts 
towards nitride signal, whilst the dissolved samples show only a small peaks there. But the 
nitrogen signal is poor for the chromium samples and it looks that it is shifted by 1 eV 
towards higher values (position of P4VP peak which contains nitrogen in organic matrix).
There is clear evidence of formation of chromium oxides, chromium carbonates and 
chromium nitrides because of oxidation and reaction with polymer (mainly P4VP) upon 
chromium sputtering. Reactivity is more effective upon polymer degradation.
4.B.b Wet etching
As we have shown above the CrN are resistant against many (any) organic solvents, 
even  using  an  ultrasonic  bath  or  elevated  temperature.  One  could  be  interested  in 
utilization of such templates in wet etching nanolithography of inorganic films. Acids and 
bases  are  usually  used  in  the  process.  The CrN were  synthesized on polished Si(100) 
substrate with natural grown silicon dioxide (about 2 nm). Silicone dioxide etching may be 
done using HF diluted in water, depending on required etching rate (e. g. 1 % v/v solution 
of HF etches silicone dioxide in rate ca. 2 nm/min).  We have tried to rinse the CrN in 
sequence of 0.1 % v/v HF (for 2 h), 1 % v/v HF (for 10 min) and 5 % v/v HF (for 2 min). As 
AFM  has  shown,  the  CrN  was  resistant  against  both  0.1 % v/v HF  and  1 % v/v HF, 
respectively, and it started to peel in 5 % v/v HF.
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Many inorganic materials  are  etched 
by diluted hydrochloric acid (Fe, Mo, Pd, 
Pt,  Au,  last  three  require  HNO3 
additionally),  including  chromium  and 
chromium oxides.  We rinsed  the  CrN in 
1 % v/v solution of HCl for 15 min. AFM 
scan of such CrN which was performed 
via  polymer  dissolution  and  moreover 
rinsed  in  1 % v/v HF  is  depicted  in 
►Fig. 4.6. We can remark that it is resistant 
also against diluted HCl. That means that 
the  CrN  is  mainly  formed  by  other 
chromium  compounds  than  oxides, 
namely  carbonates  and  nitrides  as  was  detected  by XPS.  Further  investigation  of  wet 
etching rate of various substrates using CrN is not included in the study.
4.C Oxidation of clusters
All the NCr films were sputtered under inert argon atmosphere. Hence, pure metallic 
clusters impact on the polymer surface. It is challenging to hit the metal target by oxygen 
because of immediate oxidation of the sputtered clusters.  [ZHE04] Since the metal may 
oxidize  in  various  oxidation  rates,  it  is  more  suitable  to  examine  titanium  in  light 
of applications. Ti may be easily converted in TiO2 upon subsequent thermal annealing 
over 400 °C. [KLE07]
We applied all the observations from the preceding section in order to achieve well 
loaded nanotemplates with TiOx clusters. We used 17 nm thick porous nanotemplates for 
this purpose. The following conditions were applied: deposition rate 1 nm at 0.3 nm/min, 
oxygen pressure 1.2 × 10-3 mbar, current 20 mA. Appearance of TiOx loaded nanotemplates 
was  practically  undistinguishable  from  NCr  (►Fig. 4.1).  However,  TiOx loaded 
nanotemplates  were easily treatable with  THF,  which induced rinse of  polymer  matrix 
upon several minutes. Afterwards, they were annealed at 500 °C for 3 h in order to fully 
convert  TiOx into  TiO2 (see  below).  As  a  result,  ordered  array  of  TiO2 nanodots  was 
observed (►Fig. 4.7a).
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Figure 4.6:  AFM topography (500 × 500 nm2) 
of CrN etched with 1 % vol. HCl and 1 % vol. 
HF solutions. The height range is 5 nm. 
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Figure 4.7: AFM topography (1 × 1 μm2) of TiO2 nanodots developed via sputtering of Ti 
into  the  porous  nanotemplate  under  oxygen,  rinsing  with  THF  and  annealing  at 
500 °C (a).  Two  patterns  were  observed  with  respect  to  terraces  (b).  Distribution 
of nanodots outside terraces (solid line) and in terraces (dot line) distinguishes mostly in 
the profile and slightly in the lateral distance (periodicity) between nanodots (c).
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Appearance of the nanodots depends on their location, whether they are in or outside 
of terraces (►Fig. 4.7b). Vertical profile taken outside of terraces indicates that the nanodots 
are higher and little bit broader than inside terraces (►Fig. 4.7c). Anyway, lateral periodicity 
is  larger  than  those  of  the  porous  nanotemplate.  PSD  revealed  26.5 nm for  nanodots 
outside of terraces and 25.5 nm inside terraces. This increase and difference may interrelate 
with re-organization of Ti clusters during removal of polymer matrix. Further, we believe 
that the nanodots are a bit higher than 5 nm (or 2.5 nm respectively), with respect to AFM 
scanning and possibly residual polymer (or its carbonized product) among the nanodots.
Presence of residual carbon is obvious from XPS spectra of the films (►Fig. 4.8a). Also, 
XPS spectra at emissions of carbon 1s, oxygen 1s, and titanium 2p3/2 demonstrate that Ti is 
practically  oxidized  in  TiO2 directly  upon  sputtering,  and  it  perfectly  converted  after 
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Figure 4.8: XPS emissions and total electron yield of XAS spectra of titanium sputtered 
into the porous nanotemplate under oxygen prior (empty circles) and after (full circles) 
thermal annealing at 500 °C. The spectra are in good agreement with reference spectra 
of TiO2 (solid lines). [MOU92, GRI93, HEO05]
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subsequent thermal annealing (►Fig. 4.8a-c). The main peak in oxygen 1s emission reflects 
the state of SiO2, therefore, it is slightly shifted (►Fig. 4.8c). Likewise, conformity with the 
reference spectra was observed in the total electron yield of XAS (►Fig. 4.8d,e).
The important findings of this chapter specify material and sputtering parameters in 
relation  with  the  thin  film  structure.  Only  metals  forming  small  clusters  (chromium, 
titanium, platinum etc.) may penetrate into tiny pores of PS-b-P4VP nanotemplates. Also 
two  regimes  of  sputtering  were  observed:  fast  deposition  results  in  hard  crust  layers 
covering the nanotemplates, whilst the clusters may penetrate into the nanotemplate only 
at  sufficiently  slow  deposition.  Very  interesting  effect  of  sputtering  gas  may  resolve 
troubles  with  dissolution  of  the  polymeric  nanotemplate  upon  the  sputtering  process, 
which  gives  high  kinetic  energy  to  the  reactive  chromium  clusters.  Troubles  with 
dissolution  were  solved  by Russell  et al. [SHI02] in  PS-PMMA nanotemplates  already, 
however,  chromium reacts more strongly with P4VP probably.  This leads to formation 
of organometallic layer and so very resistible nanotemplates (against thermal annealing at 
500 °C, ultrasonification, acids). Reactivity of transition metal was reduced at sputtering in 
reactive oxygen instead of inert argon. Then the nanotemplate was easily removable and 
highly ordered TiO2 nanorods were obtained.
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5 Steady-state transport through 
chromium nanotemplates 5
Applicability of the nanotemplates is considered in many physical devices. When  
optoelectronic  (and  generally  all-electrical)  applications  are  proposed,  knowledge 
of electrical  transport  through  the  nanotemplates  becomes  important  since  it  
delimitates the device performance and suitability. Moreover as shown in this chapter  
below, study of electrical transport may unfold some structural effects in the thin films.  
Thus,  it  represents  another  tool  for  nano-structure  characterization  together  with  
regular x-ray, microscopic or ellipsometric techniques, whose implementation may be  
complicate in fine, low-contrast structures.
Roughness of substrates is one of the fundamental parameters influencing formation of 
self-assembled  BC  thin  films. We  have  found  formerly  that  formation  of  PS-P4VP 
nanotemplates via self-assembly with ortho-HABA is independent on the substrate type in 
general,  since  the  possible  contrast  of  incompatible  materials  between  substrate  and 
nanotemplate is reduced by an adhesion layer of minor P4VP block (or P(4VP+HABA) 
complex) of the copolymer. [TOK05] Thickness of such layer is usually about 1÷2 nm on 
Si(100)  (see  ►Section 3.B.c).  If  we  consider  their  use  in  optoelectronic  applications, 
contribution of such thin adhesion layer to resistivity of the nanostructure is negligible.
However, e. g. light emitting (LEDs) and photovoltaic devices are usually deposited on 
transparent indium tin oxide (ITO) or semitransparent (e. g. gold) electrodes which grow 
with  much  higher  roughness  than  Si(100).  We  achieve  the  root  mean  square (rms) 
roughness Rq of Si(100)  or  glass  of  about  0.2÷0.3 nm per  1 × 1 μm2 upon cleaning  in 
an ammonia-peroxide bath. ITO and Au surfaces deposited by common sputtering on glass 
or  Si(100)  substrates  consist  of  aggregates  of  sputtered clusters  characteristic  for  each 
material. Formlessness of the aggregates depends on the film thickness, deposition rate, 
deposition pressure, temperature of the substrate etc. Since size of aggregates and defects 
on such surfaces is comparable with the periodicity (25 nm) and the thickness (15−50 nm) 
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of BC nanotemplates we can expect strong influence of such nanometer rough (nanorough) 
surfaces on the formation of the nanotemplate.
We assume that more nanorough is the surface, more PS-P(4VP+HABA) is used to 
flatten the surface. Hence, the film of PS-P(4VP+HABA) assembly is separated into two 
layers. Chains forming the bottom adhesion layer are locally confined on the randomly 
rough surface (usually Gaussian), so this layer is disordered in general. The self-assembled 
layer is formed on top of the adhesion layer which partially flattens the rough electrode.
In this chapter, structures of the electrodes, and mainly PS-P(4VP+HABA) and pBC 
films on these electrodes, are studied using AFM and x-ray reflectivity (XR). Since XR is 
an indirect imaging method for vertical profiles (requires a numerical solution), [TOL99] 
we  supplement  it  by  measurements  of  steady-state  electrical  transport  in  the  vertical 
direction. Namely,  the pores of pBC films can be loaded e. g. by metal via magnetron 
sputtering of chromium (►Chapter 4). Such metallic nanostructures are covered by another 
metal  which  represents  a  top  electrode  for  the  electrical  measurements.  Sets 
of current-voltage characteristics of four kinds of samples are compared in order to resolve 
the nature of the pBC in direction normal to the electrode. Each kind of sample reflects 
specific sort of processes described during last several decades in the literature.
5.A Limiting roughness of electrodes
Common commercial deposition techniques utilize simple evaporation or sputtering 
of electrodes which provide higher roughness, therefore, we focus in our study just on such 
kind of electrodes. It should be mentioned that on the present, there are some techniques 
enabling deposition of electrodes on insulating substrates with subnanometer roughness, 
like thermal evaporation involved in mica template stripping procedure, [WAG95] ultrahigh 
vacuum  (UHV)  magnetron  sputtering,  molecular  beam  epitaxy  (MBE)  or  pulse-laser 
deposition (PLD). [SHE04]
►Fig. 5.1 depicts  topography  of  the  electrodes  used  in  this  study  and  the  pBC 
nanotemplates deposited on them. We used combination of chromium and gold in order to 
minimize nanoroughness of the metallic electrode. Chromium forms smooth 30 nm film 
(Rq ≅ 0.3 nm per 1 × 1 μm2, see ►Fig. 5.1a) and when it is overlaid with 3 nm gold the final 
surface  of  such  chromium-gold  (CrAu)  electrode  has  nanoroughness  0.4÷0.5 nm  per 
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1 × 1 μm2 (►Fig. 5.1b). Gold coverage of chromium is chosen in order to protect chromium 
against  oxidation during the time required for PS-P(4VP+HABA) deposition (0.5÷2 h). 
Moreover, such combination demonstrates a way how to achieve a noble metallic surface 
with subnanometer roughness using the common techniques. Nanotemplates deposited on 
such electrodes possess very good lateral order as evident from the AFM topography image 
(►Fig. 5.1d) and its FFT in the inset.
The  topography  of  the  ITO  electrode  reveals  two  basic  roughness  profiles  (and 
correlation  lengths)  of  the  ITO  surface  –  sub-micron  and  nanometer  one  (►Fig. 5.1c). 
Sub-micron roughness  is  transferred on pBC layer  in  the form of  wavy surface.  Such 
propagation of roughness is well described e. g. in Tolan’s book. [TOL99] Autocorrelation 
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Figure 5.1: AFM topography (1 × 1 μm2) of various electrodes used as substrates for BC 
deposition: (a) chromium (2 nm height range), (b) chromium-gold (4 nm height range), 
and (c)  ITO (15 nm height range). Porous BC nanotemplate is deposited on (d) smooth 
chromium-gold electrode (7 nm height  range)  and on (e)  rough ITO electrode (15 nm 
height range).
Chapter 5
analysis of the ITO surface gives the correlation length of 90 nm; after deposition of the 
nanotemplate  on this  ITO electrode,  the  correlation length  of  the  polymeric  surface  is 
reduced to 80 nm. Nanoroughness determines appearance of the pBC nanotemplate. Local 
overrun  of  height  profile  of  the  electrode  over  length  of  P4VP is  a  good  reason  for 
disturbance of regular self-assembly of PS-P(4VP+HABA).  ►Fig. 5.1e demonstrates how 
lateral order is disturbed due to rough ITO surface.
5.B Vertical profile of the nanostructures
We demonstrate formation of the nanotemplate on rough ITO surface in contrast to 
smooth Si(100)  surface  wherein  we described the  fine  structure  in  the  ►Chapter 3.  We 
compare reflectivity curves of the sample taken upon each of the three steps (►Fig. 5.2a): 
first  the  bare  float  glass  slide  with  a  100 nm  thick  ITO  electrode  upon  cleaning  in 
ammonia-peroxide  bath (denoted as  ITO),  second upon deposition of  block copolymer 
self-assembly with HABA on the ITO slide (ITO-ABC), third upon HABA extraction from 
the ITO-ABC slide (resulting in the porous nanotemplate, ITO-PBC).
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Figure 5.2: X-ray reflectivity of ITO, ITO-ABC and ITO-PBC (a). The curves differ mainly 
for angles of incidence 0.4 °÷1.4 ° (b) where rich spectrum of Kiessig fringes is observed.
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5.B.a Analysis of Kiessig fringes
All  the  curves  in  ►Fig. 5.2a are  similar  at  a  glance.  They  contains  rich  spectrum 
of “Kiessig  fringes”,  [KIE31]  which  originate  from  the  destructive  interference  of  the 
reflections from the top and bottom of the film. Although the fringes are usually observed 
in films with no internal structure too, high contrast  of electron density of ITO at  the 
interfaces with glass and the air (polymer) contributes radically to the internal reflections. 
Complexity of the fringes hinders the iteration process of the Parratt’s algorithm indeed 
(χ2 minimization)  but  on  the  other  hand,  it  provides  rewarding  information  about 
thicknesses of layers via this formula:
d n≃
2
Q f
(5.1)
where  dn is  thickness  of  nth-layer  and  ∆Qf is  distance  between  two  minima  of  the 
fth-fringe. 
We performed analysis  of  the  fringes and we calculated corresponding thicknesses 
(►Tab. 5.1). There are two kinds of fringes in the XR curves. The big ones are unvarying for 
all the curves and result in a layer thickness of about 22.5 nm. So this layer is related to 
ITO and we interpret it as an interface layer between ITO and glass. The small ones vary 
depending on composition of the sample (►Fig. 5.2b).
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big fringes small fringes
ITO 22.3 nm ITO/glass interface 127.7 nm ITO
ITO-ABC 22.5 nm ITO/glass interface
129.3 nm ITO
147.1 nm ITO + adhesion polymeric layer (17.8 nm)
163.9 nm ITO + whole polymer layer (34.6 nm)
ITO-PBC 22.6 nm ITO/glass interface
129.0 nm ITO
146.6 nm ITO + adhesion polymeric layer (17.6 nm)
162.7 nm ITO + whole polymer layer (33.7 nm)
Table  5.1:  Analysis  of  Kiessig  fringes  of  the  reflectivity  curves  of  ITO, 
ITO-ABC and ITO-PBC results in characteristic values of thicknesses. 
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We  found  three  statistically  significant  values  of  thickness,  namely  128.7 nm, 
146.9 nm and 163.3 nm in average. 128.7 nm is evidently the real thickness of ITO layer, 
the other correspond to the sum of two or more layers between the bottom of ITO and the 
air where strong reflections may be expected. Subtraction of ITO thickness of the sample 
ITO-ABC  gives  new  values  of  17.8 nm  and  34.6 nm.  The  thickness  34.6 nm  can  be 
associated with the whole polymer layer thanks to resemblance to the thickness 32.2 nm 
which was experimentally achieved by an AFM scratch test. Finally the thickness 17.8 nm 
may be associated with disordered adhesion polymeric layer, thus, it  is about 10 times 
higher  than  on  Si(100).  [TOK05]  Similarly,  we  obtain  thickness  33.7 nm  of  porous 
nanotemplate (ITO-PBC), and thickness 17.6 nm of its adhesion layer respectively, by this 
analysis. Here, we have to note that loss on thickness of the nanotemplate film (ITO-ABC 
to ITO-PBC) is caused by HABA extraction, as we observed as well on Si(100) formerly. 
[TOK05]
5.B.b Fourier transform of the coherent reflectivity
Although  the  analysis  of  Kiessig  fringes  provides  basic  conception  about  sample 
layers, more convenient methods based on Fourier transform has been developed in last 
two  decades. [TOL99,  ZIM05]  The  methods  using  the  kinematical  theory  of  scattering 
[BEN01, SAN98, SAN96] are often favored before those using the dynamical theory [SAC93] 
among  the  all  model-independent  methods.  Superiority  of  “the  kinematical  methods” 
inheres in wider choice of system of basis functions (trigonometric polynomials, step slabs, 
B-splines) for calculation of density profile and higher numerical stability in general. The 
Groove Track Method (GTM) is  often used realization of the final  algorithm. [ZHO93, 
KOZ03] Albeit GTM is excellent for films with high density variation (e.g. multilayers), it 
has much higher computational demands than the Parratt’s algorithm.
In the following, we will use an elegant method developed by L. Grave de Peralta and 
H. Temkin. [GDP03] They started from the kinematical approximation as well, however, 
they perform Fourier transform on a function
log [ I Qz ]−log [ I 0Q z]≈∑
i , j
Ai , j cos d i , jQz  (5.2)
where I(Qz) is measured reflectivity,  I0 is its maximum and Ψ(Qz) is “a smooth function” 
obtained from the experimental data by simple adjacent averaging over  Qz range of the 
slowest oscillation (here the large fringe). Making such subtraction, this method refines the 
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experimental data from the contribution of the incoherent superposition of x-rays reflected 
from different interfaces.
Resulting  coherent  contribution  (►Fig. 5.3a)  can  be  decomposed  in  cosines  with 
amplitudes Ai,,j corresponding to each pair (i, j) of two layers with thickness di,j, so finally 
a spectrum of peaks dependent on thickness  d can be obtained upon application of the 
backward FFT (►Fig. 5.3b). ITO-ABC and ITO-PBC coherent reflectivities are presented as 
a modulation of ITO for clarity (denoted by an asterisk), i. e. ITO data were subtracted 
from them (but FFT was performed without subtraction!). Moreover both ITO-ABC* and 
ITO-PBC* reflectivities are ca. twice magnified against ITO in ►Fig. 5.3a. We can observe, 
that amplitude of ITO-ABC* is higher than amplitude of ITO-PBC* which is related to 
higher electron density of BC+HABA than of pBC. Peaks of FFT amplitude plotted vs. d 
in  ►Fig. 5.3b enable  to  determine  the  most  significant  layers  in  the  sample.  Peaks  at 
d < 50 nm mostly corresponds to reflections at borders of single layers, more distant peaks 
can be associated with thickness of several layers or reflections of higher order if
1. integer multiple of peak position, and
2. characteristic damping of peak amplitude respectively,
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Figure 5.3: Inverse Fourier transform of coherent components of x-ray reflectivity curves 
taken for ITO, ITO-ABC and ITO-PBC: (a) reflectivity function log(I – I0Ψ), corresponding 
to coherent scattering, developed according to recipe of Grave de Peralta and Temkin 
[GDP03] (see text for more details), and (b) FFT spectra (ITO is dotted for comparison 
with ITO-ABC and ITO-PBC).
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are observed. Such peaks of higher order reflections are observed in FFT spectrum of the 
sample ITO, denoted as  2ITO (at  22.5 nm),  4ITO (45 nm) and  5ITO (68 nm).  Whereas  2ITO 
represents an own layer of ITO of thickness 22.5 nm, peaks 4ITO and 5ITO belong to second 
and third, respectively, reflections of x-ray beam on the layer. The reason of appearance 
of third order reflection in the FFT spectrum is induced by high electron density of the 
layer (peak height) and evidently its setting on the surface. Moreover other peaks below 
50 nm are observed. Peak 1ITO (13 nm) is associated with ITO-glass interface and peak 3ITO 
(35.5 nm) with another layer of the sample ITO of higher density, located on the ITO-glass 
interface layer.  Association is performed by matching the fit  of the Parratt’s algorithm, 
thereinafter.  Finally,  a  broad  peak  6ITO at  100÷150 nm  consist  of  several  peaks 
corresponding to the sums of several layers. Its maximum at 125 nm accords well with the 
overall thickness of ITO obtained by the analysis of Kiessig fringes.
The above-mentioned Fourier analysis helps at the interpretation of x-ray reflectivities 
of BC nanotemplate deposited on ITO. This nanotemplate is a modification of the ITO 
surface which appears as a modulation of ITO reflectivity, its coherent part and also its 
FFT spectrum. Resulting spectra consist of similar sort of peaks (►Fig. 5.3b) which reflects 
almost  identical  composition  of  the  films  of  BC+HABA (ITO-ABC)  and  porous  BC 
(ITO-PBC).  Positions  of  peaks  slightly  differ  between  both  ITO-ABC  and  ITO-PBC 
samples, as predicted by the analysis of Kiessig fringes. Similarly maximum of the broad 
peak 6ITO is shifted to 128 nm in the spectra of ITO-ABC and ITO-PBC. Beyond this peak 
we can observe  clearly distinguishable  modulation which  consists  of  two peaks.  Their 
position and mutual  distance correspond to the above described Kiessig  fringes.  Peaks 
1ITO-ABC (155 nm) and 1ITO-PBC (148 nm) result in 27 nm (ITO-ABC) and 20 nm (ITO-PBC) 
thick  adhesion  layer.  Peaks  2ITO-ABC (167 nm)  and  2ITO-PBC (158 nm)  give  values  39 nm 
(ITO-ABC)  and  30 nm (ITO-PBC)  which  belong  to  thickness  of  the  whole  BC film. 
Higher  thickness  of  polymeric  layers  obtained  by Fourier  analysis  may be  caused  by 
merging the peaks which correspond to the reflections between the top polymer and the 
bottom  of  ITO  layer,  and  the  bottom of  interface  layer.  Another  significant  decrease 
of density  occurs  at  the  bottom  of  the  dense  ITO  layer  close  to  the  surface.  This  is 
registered as modulation  3ITO-ABC around 57 nm which represents sum of the dense ITO 
layer and the BC film of ITO-ABC sample. This modulation is not so well recognizable at 
ITO-PBC sample, evidently because of lower density of the porous layer.
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5.B.c Fits by Parrat's algorithm
A definitive  model  can  be  obtained  by numerical  fitting  of  the  XR curves.  Steep 
decrease of reflectivity at 0.35 ° (0.05 Å-1) corresponds to the critical angle of the ITO film 
and gives  the  electron  density δ = 1.88 × 10-5 (thus  the  electron  density ρ = 4.97 Å-3 at 
λ = 1.542 Å) which accords with the density observed by Cull  et al. [CUL95] This density 
can appreciably vary depending on mutual ratio of In2O3 and SnO2 over the film thickness 
(as  a  consequence  of  sputtering  process,  surface  diffusion  and  aggregation,  surface 
cleaning).  Such profile  variations were predicted in the above analysis.  A modification 
of the constant electron density of ITO in the profiles improves perceptibly also the fits 
of the experimental data which are depicted by solid lines in ►Fig. 5.2a.
The corresponding electron density profiles are shown in ►Fig. 5.4. The depletion of the 
electron density observed in the ITO layer is compensated by an increase at ITO / glass 
interface.  Higher  density  at  the 
surface  of  ITO may relate  with  its 
surface  cleaning.  Surface  changes 
between  all  three  samples  are 
magnified in the inset of ►Fig. 5.4 for 
clarity.  Exponential  decrease of the 
ITO profile at surface is mark of its 
surface  roughness  of  3.2 nm 
(dash-dot line). Both ITO-ABC (dot 
line)  and  ITO-PBC  (solid  line) 
profiles  represent  stacking  of  two 
basic  layers,  interpreted  as 
disordered  adhesion  layer  and 
nanostructured  layer,  respectively. 
The best  fit  on ITO-ABC result  in 
14.3 nm  thick  adhesion  layer 
(ρ = 1.13 × 10-5 Å-2),  18.6 nm  thick 
nanostructured layer of the self-assembly BC + HABA (ρ = 0.91 × 10-5 Å-2), and the surface 
is decorated by 3 nm thick terraces which are characteristic for these films. [TOK05] The 
best fit on ITO-PBC result in 12.9 nm thick adhesion layer  (ρ = 1.03 × 10-5 Å-2), 19.5 nm 
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Figure  5.4:  Scattering  electron  density  profiles 
of ITO,  ITO-ABC  and  ITO-PBC.  Polymer  film 
consists of adhesion layer (AL) and nanostructured 
layer on it. 
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thick  nanostructured  layer  of the  self-assembly  BC+HABA  (ρ = 0.71 × 10-5 Å-2),  and 
2.2 nm high surface terraces. Shrinkage of overall thickness from 35.9 nm (ITO-ABC) to 
34.6 nm (ITO-PBC), caused HABA extraction and as predicted in above analysis too, is 
consistent with the study on Si(100) where characteristic 5% loss of overall thickness has 
been observed. [TOK05] Likewise, values of electron density are in accordance with our 
former results. [TOK05]
Nevertheless, the present Parratt’s fits show that only the adhesion layer contributes to 
the  shrinkage.  This  indicates  that  HABA molecules,  included  in  the  adhesion  layer 
of ITO-ABC, rupture partially the adhesion layer during massive extraction by methanol, 
and  so,  they  enable  further  cavity  in  the  porous  layer  of  ITO-PBC.  This  increase 
of thickness of the porous layer is compensated by shrinkage of its terraces which relate 
with spatial changes at the surface during rupture of top PS layer by extracted HABA.
The  most  important  outcome  of  the  reflectivity  study for  this  tract  is  a  fact  that 
thickness of the adhesion layer on rough ITO surface is at least 10 times higher than on 
smooth  surfaces  like  Si.  This  situation  is 
sketched in the  ►Fig. 5.5. Whilst the adhesion 
layer  is  formed  only  by  P(4VP + HABA) 
block in case of smooth surface, rough surface 
must  be  smoothen  by  all  BC  because  the 
blocks  in  BC  are  covalently  bonded  and 
substrate  roughness  overcomes  the  length 
of P4VP block. Incorporation of the whole BC 
chain in the adhesion layer causes the abrupt 
increase  of  the  thickness.  This  thickness  is 
comparable with those of the thinnest possible 
nanotemplate (ca. 15 nm) which is formed by 
shrinkage of just one layer of micelles in the 
swollen  state.  [TOK05]  Hence,  roughness 
of electrodes  has  to  be  smaller  than  critical 
roughness which is  correlated with length of the more adhesive block (here P4VP),  in 
order to get good contact between pores and substrate. We dare to guess that the critical 
rms roughness  is  about  1.0 nm per  1 μm2 in  our  case.  Hence,  we decided to compare 
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Figure  5.5:  Schematics  of  the  porous 
block copolymer nanotemplate deposited 
on  smooth  (up)  and  rough  (down) 
substrate.
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electrical  transport  of  metallic  nanostructures  developed  from  porous  nanotemplates 
deposited on ITO and on chromium-gold electrodes whose roughness might be controlled 
in easier way.
5.C Transport through the nanostructures
5.C.a Chromium single layers
To exclude influence of various oxidation state of chromium on transport properties 
of chromium nanostructures, we studied first of all electrical properties of chromium thin 
layers for the various configuration of the electrodes used in the study of nanostructured 
layers.  We  have  taken  characteristics  of  10 nm  thick  chromium  layers  between  ITO 
(bottom) and Al (top), CrAu (bottom) and Al (top) and CrAu (bottom) and Au (top). All 
of them  were  linear  with  nearly  the  same  slope,  even  regardless  the  oxidation  state 
of chromium  layers,  deposited  under  argon  or 
oxygen (►Fig. 5.6). Differences of resistance of such 
layers are negligible for the set-up, hence we take 
the liberty to exclude influence of various oxidation 
state  of  chromium  on  transport  properties 
of chromium nanostructures in the following.
Electric  conductivity  of  thin  and  especially 
ultra-thin  films  may  be  strongly  influenced  by 
electron scattering from the film surface and other 
confinement effects coming from grains, defects or 
internal stress (phonons).  These aspects take effect 
namely  in  surface  conductivity  as  was  studied  on 
thin chromium films using four-probe method in situ 
during  sputtering.  [MEH87]  The  critical  thickness 
of about  20 nm  has  been  found  whereunder  rapid 
enhancement  of  resistivity  was  observed.  However,  our  set-up  for  current  voltage 
characteristics measurements is designed for sandwich structures like LEDs so it enables to 
recognize transport behavior of layers (homo- or nanostructured) in the normal direction.
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Figure  5.6:  Current-voltage 
characteristics  of  10 nm  thick 
chromium  layers  in  metallic  (Cr) 
and oxidized state (CrOx) deposited 
either  on  chromium-gold  or  ITO 
electrodes:  Cr  nanostructure  on 
CrAu/Cr/Au  (solid),  CrAu/CrOx/Au 
(dotted), ITO/CrOx/Al (dashed).
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Moreover  we have shown recently,  that  significant  part  of chromium embedded in 
pores  is  in  metallic  state.  [SEI06]  Metallic  chromium  is  protected  by  polymeric 
nanotemplate  and  sits  mostly  around  P4VP in  pores  whereas  the  surface  is  naturally 
oxidized in Cr2O3. This follows from comparison of XAS (x-ray absorption spectroscopy) 
spectra taken in total electron yield mode (more “surface sensitive”) and fluorescent yield 
mode (more “bulk sensitive”). XAS spectra have been taken also after 6 weeks exposure 
on the air to prove stability of the metallic state. [SEI06]
5.C.b Nanostructures on smooth electrodes
Current-voltage characteristics of chromium nanostructures are shown in (►Fig. 5.7). 
We investigated various sorts of nanostructures on a smooth electrode where proportion 
of adhesive  insulating  layer  is  inconsequential.  We  deposited  nanotemplates  on  CrAu 
electrodes,  which were subsequently,  loaded by various amounts of chromium. In light 
of the  thickness  of  the  BC  nanotemplate  we  can  suppose  0.3-nm  Cr  loading  as 
underloaded (BCCr0.3nm),  3-nm  as  loaded 
(BCCr3nm)  and  10-nm  as  overloaded 
(BCCr10nm)  nanotemplate.  Two  kinds  of  top 
electrodes (Au, Al),  as well samples with various 
ratio  of  chromium oxides  (sputtering in argon or 
oxygen)  were  prepared.  We  observed  no 
differences  among  samples  with  various  top 
electrodes  and  chromium  oxidation.  ►Fig. 5.7 
demonstrates the characteristics in dependence on 
the amount of chromium in the nanotemplates.
The  Cr  loading  into  BC  gives  geometric 
appearance  to  the  chromium  nanostructure.  The 
underloaded nanotemplate has partially filled pores 
and  chromium  predominantly  occupies  walls 
of pores  which  consist  of  PVP brush.  Formation 
of these Cr-PVP nanotubes is caused by high PVP affinity with metals. [COL97] Detailed 
investigations  about  the  fine  structure  will  be  published  elsewhere.  The  loaded 
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Figure 5.7: Characteristics of 37 nm 
thick  porous nanotemplates  loaded 
by various amounts of Cr (deposited 
on CrAu electrode and covered by 
Au). The measure of Cr loading was 
acquired by a  quartz  microbalance 
monitor: 0.3 nm (solid, BCCr0.3nm), 
3 nm (dotted, BCCr3nm) and 10 nm 
(dashed, BCCr10nm). 
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nanotemplate contains chromium also in the cores of pores, and in the overloaded one, 
excess  of  chromium is  stacked  in  the  form of homolayer  on  the  top.  This  chromium 
homolayer represents actually another kind of the top electrode. Additional covering by Au 
immediately upon Cr sputtering ensures chromium against its oxidation in contrast to later 
evaporation of Al.
The  ohmic  behavior  in  underloaded  nanostructure  indicates  that  the  charge  may  be 
transported via the Cr-PVP nanotubes or due to the Au penetration into pores modified by 
Cr.  Au  penetration  into  the  nanotemplates  may  be  omitted  in  BCCr10nm  where  the 
nanotemplate is protected by several-nanometer thick electrode, due to overloading of the 
pores. Independence on oxidation state as well as on material work function (Au, Al, Cr) 
of the top electrode is in agreement with the result on chromium homolayers.
Linearity  of  the  characteristics  is  the  most  interesting  point  of  chromium 
nanostructures on smooth electrodes. This linearity seems to be in contradiction with the 
work of Scherer  et al.,  [SCH99]  which showed that Cr / CrOx / Cr single tunnel junction 
underlies  nonlinear  Fowler-Nordheim  tunneling  regime  [FOW28]  over  and  Simmons 
formula  [SIM63]  under  the  effective  barrier Φ.  Our  chromium  nanotemplates  consist 
of array of junctions though. Their contact area corresponds to the pore area which is about 
11 % and the aspect ratio of the nanotemplates under examination is 3÷6. Although matter 
of electron confinement arises in such nanostructures the aspect ratio is quite low and so 
only low attenuation of electrical current can be seen for chromium channels, which are in 
good contact with both electrodes.
5.C.c Nanostructures on rough electrodes
On  rough  ITO  electrodes,  again  different  characteristics  are  expected,  in  contrast 
of those characteristics of nanostructures deposited on smooth electrodes. We deposited 
nanotemplates of two thicknesses 37 nm and 23 nm on ITO coated float glass slides and 
we loaded them with chromium. We covered such nanostructures (BCCr37 and BCCr23) 
with  Al  top  electrodes.  We  observed  two  fundamental  differences  of  the  both 
nanostructures on ITO (►Fig. 5.8a) in comparison with those on CrAu. First their electrical 
transport (current) is at least 200 times less than of those on CrAu at the same voltage. 
Second  their  current-voltage  characteristics  are  non-linear  as  typical  for  low  mobility 
systems as e. g. insulators. This principal fact accords with the result of x-ray reflectivity 
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measurements. Moreover the electrical transport is higher in the thinner nanostructure (as 
may be expected).
The  insulating  layer  brings  non-linearity  to  current-voltage  characteristics  as  was 
demonstrated at metal-insulator-metal (MIM) sandwich structures. [SIM63,  BIE75] There 
are several phenomena known in thin polymeric films [TEY05] which depend on the range 
of film thickness and applied electric field besides electronic structure of polymer. At low 
electric field up to order of 104−105 V·cm-1, steady state current transport in polymers is 
often  ohmic.  Beyond this  electric  field,  transport  usually underlies  behavior  of  space-
charge-limited-currents (SCLC)  [KRY70]  because  the  ohmic  transport  in  insulating 
polymers is trap-limited.
At higher fields, some emission phenomena like  Richardson-Schottky (RS),  Fowler-
Nordheim (FN)  (external)  or  Poole-Frenkel (PF)  (internal)  and  optical  pre-breakdown 
phenomena may be observed. [LAU99] Electrical breakdown of polymers is thermal and 
thickness dependent. [IED94,  BLA95] Thin films of polymers with permittivity of 2−5 at 
room temperature have breakdown fields of 2−6 × 106 V·cm-1. For PS thin films, it is stated 
to be 5 × 106 V·cm-1. [ZAK05] In general, electrical breakdown is described as a thermal 
collapse of breakdown channels electroformed at a field of about 1 × 106 V·cm-1,  which 
causes local amplifications of current. This local destruction is supposed as a consequence 
of  space-charge  evolution  between  105 and 106 V·cm-1.  Hence,  a  first  indication 
of irreversible behavior can occur in the range of SCLC. For instance, hysteresis of the 
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Figure 5.8: Current-voltage characteristics in the (a) linear-linear  and (b) 
logarithmic-logarithmic  plot  of  37-nm  or  23-nm  thick  porous  BC 
nanotemplates deposited on ITO, loaded by chromium, and covered by 
Al: BCCr37 (solid circles) and BCCr23 (open squares).
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current-voltage characteristics has been observed in resin, [GRE68] polystyrene [BAH82] 
and polyacrylamide [SAT90] thin films. Hysteresis is a consequence of polarization of the 
dielectric. We observed hysteresis effects at higher fields and in the following, we present 
only characteristics  up to  fields  of  ca.  5 × 105 V·cm-1 which is  one order  less  than the 
electrical breakdown of polystyrene.
If the characteristics of the nanostructures on ITO electrodes are depicted in log-log 
scale, two regimes could be distinguished (►Fig. 5.8b): although the slope at lower fields is 
almost 1 and the slope at higher fields is slightly over 2, the characteristics don’t satisfy 
simple bent scaling law of SCLC (either trap-free or with one single discrete trap level or 
Gaussian trap distribution (shallow traps) [KRY70]). Thickness dependence follows SCLC 
theory though, but it is not sufficient condition for SCLC. We have also to note that the 
dielectric thickness of the nanotemplate loaded by chromium  (i. e. a minimum distance 
which carriers have to negotiate over all dielectric barriers in the nanotemplate between 
electrodes) is  less  than  the  device  thickness  because  chromium  nanorods  have  to  be 
considered as the real anode. Basically, the dielectric thickness of the nanostructure has to 
be taken as the thickness of adhesion layer of the chromium nanostructure. Covering the 
nanostructure by Al or Au supports Cr nanorods by electrical carriers only and has no other 
influence on the characteristics in general. Moreover absolute value of current varies from 
diode to diode almost in range of one order, only data  of most frequent occurrence are 
presented. This is related to number of defects of the porous nanotemplate which are meant 
as missing or closed pores at their regular position. Defects are accumulated mainly on 
rough surfaces like ITO. Besides that, above-mentioned submicron roughness of ITO may 
produce various average thickness of the adhesion layer among the diodes deployed over 
the sample (ITO) surface.
The  disordered  adhesion  BC  layer  consists  of  physically  similar  polystyrene  and 
poly(4-vinylpyridine).  Both  are  generally  denoted  as  wide-band-gap  insulators  (in 
one-electron  model,  energy gap  is  of  about  7 eV).  However  their  pendant  groups  can 
localize  injected  electrical  charge  in  the  form of  molecular  ions  [DUK81]  so  that  their 
electronic properties may be similar to some molecularly doped polymers. Due to charge 
transfer at the interface of materials with different electronic structure, formation of the 
electron  acceptor  and  donor  sites  in  polymer  has  to  be  considered.  In  particular,  the 
experimental  contact  charging  data  determine  the  mean  solid-state  anion  state 
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of polystyrene (poly(2-vinylpyridine)) as 2.5 eV (1.4 eV), and the cation state as 7.1 eV 
(5.5 eV), respectively. [FAB77,  DUK78] Donor level of PS accords to 6.8 eV obtained by 
photoinjection current method [KAW98] whereas donor level of P2VP estimated as 6.6 eV 
differs  significantly  from  the  value  obtained  by  Duke  and  Fabish.  [DUK78]  However 
Kawamoto  et al. [KAW98] pointed out that they didn’t observe remarkable photoinjection 
of P2VP  because  P2VP  is  intrinsically  electron  transport  material,  for  instance,  as 
polypyridine or other pyridine polymers with unsaturated nitrogen (not as hole transporting 
polyvinylcarbazole  (PVK)).  [AKC03]  This  conclusion  may  be  in  contradiction  with 
an experiment  if  the donor  state  of  P2VP is  formed according to Duke’s  and Fabish’s 
experiments. Then the injection barrier for holes is very small if P2VP is deposited on high 
work  function  metal  like  Au.  Kawamoto  et al. further  estimated  work  function  of  PS 
(P2VP) as 5.1 eV (4.0 eV) at Au surface, and 5.3 eV (4.1 eV) at ITO surface, respectively. 
These small variances of work function, which depends on physical-chemical state of the 
surface, are well known and often used in applications. [BUR92, DEB05] Finally Kawamoto 
et al. estimated  ionization potential  of  PS (P2VP)  as  8.1 eV (6.5 eV)  using  the  Kelvin 
method and XPS. Although we haven’t found any study on P4VP the knowledge of the 
electronic parameters of PS and P2VP helps us in the analysis of the charge transport 
through the nanotemplates in sense of energy barriers in our devices.
Nevertheless, a simple homopolymer approach of various acceptor and donor levels 
of two  polymers  tempts  to  lowering  of  the  energetic  gap  by copolymerization  of  two 
dissimilar (in sense of these levels) polymers. Here, charge transfer between polymers has 
to be taken into account in order to associate the acceptor and donor levels correctly. We 
refer again to the work of Duke and Fabish. [DUF78] They verified simple volume scaling 
law on the random copolymer polystyrene-polymethylmethacrylate (PS-PMMA) at ratios 
100 : 0, 85 : 15, 35 : 65 and 0 : 100. In our case, the ratio between PS and P4VP is 90 : 10 
so that the electronic levels should be determined practically only by PS.
However,  diblock  copolymer  segregates  in  different  way  than  random  copolymer 
(segregation of diblock copolymer happens at the size level of the whole block in contrast 
to random copolymer where we can consider segregation at the size level of few monomer 
units,  hence  negligible).  Therefore  in  very  thin  films,  we  can  distinguish  between 
contributions of PS and P4VP blocks and their interface to the total density of states
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E =−2P4VP E 1−−2PSE PS*−P4VP*E  (5.3)
where  ν is  the  fraction  of  P4VP in  the  block  copolymer  and  ξ is  the  fraction  of the 
polymer / polymer  interface which  takes part  in  charge  transfer  between PS and P4VP 
(denoted by asterisk).
If we assume ξ < ν (very thin film), 
donor  levels  of  P4VP  may  play 
a dominant role in hole injection. This 
takes  place  in  films  thinner  than 
a sphere  diameter  of  P4VP  block  in 
bulk-segregated PS-b-P4VP. Moreover, 
preferential  adhesion  of  P4VP to  the 
substrate deforms the spheres and may 
result  in  layer  segregation  in  an 
extreme case (see ►Fig. 5.9).
5.C.d Insulating films
With  reference  to  inconsistence 
between  characteristics  shown  in 
►Fig. 5.8b and  the  SCLC  theory,  it  is 
suitable  to  compare  them  with 
referential  insulating  single  films. 
Discussion will be performed rather in 
qualitative  way  in  order  to  assign 
principal  mechanisms  to  the 
characteristics.  Detailed  description 
would require temperature and thickness scaling of the characteristics so that it exceeds 
purpose of this tract. First a 19 nm thick polystyrene film (PS19) has been dip-coated on 
ITO and covered by Al. Similarly a 35 nm thick porous PS-b-P4VP nanotemplate (pBC35) 
has been deposited also on ITO (in order to form thick adhesion layer) and covered by Al. 
Finally a 20 nm thick non-porous PS-b-P4VP layer (BC20) has been dip-coated on smooth 
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Figure  5.9:  Role of adhesion in a very thin film 
of spherical  diblock  copolymer.  PS-b-P4VP 
consist of highly apolar and highly polar blocks 
which  presumes  mildly-selective  adhesion. 
Highly-selective  adhesion  takes  place  usually 
only  at  bottom  electrode  grafting  (e. g.  by 
hydrogen  bonding  of  functionalized  polymer). 
Combination  of  mildly-selective  adhesion  and 
metal  diffusion  upon  evaporation  enable 
formation of channels whose donor and acceptor 
states  are  almost  fully  determined  by  charge 
transfer states of homopolymeric P4VP in vicinity 
of  the  electrode.  Random  block  copolymer 
involves all  its  volume in the insulator-insulator 
charge transfer especially when the styrene and 
vinylpyridine  units  are  very  alternating  (well 
dispersed). 
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CrAu  electrode  (in  order  to  exclude  roughness  constraint  on  microphase  separation 
[SIV05]) and also covered by Al.
Their  characteristics  are  depicted at 
►Fig. 5.10. Double logarithmic plot shows 
only  first  runs  at  either  positive  or 
negative polarity. PS19 and pBC35 show 
hysteresis even at lower maximal fields 
than 5 × 105 V·cm-1 in contrast  of BC20 
(see  double  linear  plots  in  the  insets). 
Another discrepancy of BC20 from PS19 
and  pBC35  is  obvious  from  double 
logarithmic  plots.  Characteristics 
of PS19  and  pBC35  may  be  well 
explained by SCLC theory:  they follow 
the  Ohmic  law  at  low  fields  and  the 
higher-power law at higher fields
J ∝ F
m
d m−1
(5.4)
where m ≥ 2 is the power estimated from 
the slope in the double logarithmic plot. 
[KRY70] In the case of PS19 and pBC35, 
m is well above 2 so that an exponential 
distribution of the energetic levels of trap 
sites  could  explain  their  tendency. 
Although  the  characteristics  of pBC35 
are  not  well  reproducible  (in  their 
symmetry,  power  law  slope  and  also 
because  of  noisy  data  points),  they 
behave  in  the  same  manner  like  the 
characteristics of PS19. This is evidently 
not the case of BC20 where P4VP plays 
a  crucial  role.  Similarly  as  in  the  case 
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Figure  5.10:  Current-voltage  characteristics 
(first cycle) of (a) 19 nm thick polystyrene film 
between ITO and Al (PS19),  (b)  35 nm thick 
porous  nanotemplate  between  ITO  and  Al 
(pBC35)  and  (c)  20 nm  thick  film  of  BC 
between  CrAu  and  Al  (BC20).  The  slope 
power is noted for every linearity observed in 
the log-log plots.
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of the chromium nanostructures, assigned slopes (►Fig. 5.10c) would fit to SCLC somehow 
at glance but its smooth non-linear functioning argues into another mechanism. At negative 
polarity, it is sufficient to consider energy of donor states of P2VP (or P4VP) 5.5 eV is very 
similar to work function of Au (5.2 eV). Assuming typical energetic disorder of metallic 
surface as 0.2 eV, the energy barrier is negligible.
5.C.e Analysis of non-linear characteristics
Proper  analysis  of  current-voltage  characteristics  requires  differentiation  between 
charge injection from the contact and charge transport in the bulk at first. These processes 
may be separated only in layers of the thickness well  above 5 nm which is considered 
usually  as  maximal  length  for  tunneling  phenomena.  [ARK03]  So  interplay  of  both 
processes should be taken into account for thin films under ca. 30 nm. Moreover, Arkhipov 
et  al. showed that  current-voltage characteristics  should be  controlled rather  by charge 
injection at  higher (room) temperature,  even at  much lower electric field than Fowler-
Nordheim or Schottky emission dominates.  [ARK03]  Especially e. g.  for PS, the barrier 
height  ∆ of metal-PS interface is about 2.0 eV for Cr (Φ = 4.4 eV) and Au (Φ = 5.2 eV) 
according to the acceptor and donor states of PS. [FAB77] That is, the barrier height is well 
above the limit of 0.2 eV, estimated by Arkhipov  et al. However, their theory of charge 
injection operates with hopping centers in the film of conjugated or molecularly doped 
polymer.  [ARK98]  In pure,  solution deposited PS films (unlike plasma polymerized PS 
films [GAZ83]),  the highest density of hopping centers is very close to the interface as 
a consequence of metal reaction with polymer. Hence, presence of strong image potential 
drastically  decreases  injection  current  predicted  on  the  base  of  the  Onsager  theory. 
Therefore  current-voltage  characteristics  of  pure  PS  thin  films  are  controlled  by  bulk 
transport  and  rather  SCLC  should  be  observed  (if  the  contact  is  ohmic).  Moreover, 
mobility  of  pendant  polymers  with  saturated  main  chain  like  polystyrene  is  in  order 
of 10-5 cm2·A-1·s-1 or  less.  [KIE80]  This  also  destines  it  rather  for  space  charge  limited 
transport according to the theory of Arkhipov et al. [ARK03]
In  the  case  of  enrichment  of  polymer  by  metallic  clusters,  higher  concentration 
of hopping  centers  in  the  bulk  increases  the  nearest-neighbor  hopping  probability,  and 
injection may become dominating in the characteristics. We explain discrepancies between 
characteristics of BC20 and PS19 just by doping P4VP with Al clusters (or atoms), due to 
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high affinity of P4VP with metals and diffusion of metal into P4VP upon vapor deposition. 
Therefore block copolymer film in BC20 device is molecularly doped as simplifies charge 
injection  in  it.  Similarly,  adhesion  layer  in  the  nanostructures  on  ITO  (BCCr37  and 
BCCr23) is enriched by sputtered chromium which penetrates well in the pores. This is not 
a  case of  Al  which  forms larger  clusters  than Cr  and so  it  doesn’t  penetrate  in  pores 
of pBC35. Moreover Al diffusion in PS is negligible since PS has low affinity with metals.
However there is still qualitative difference in symmetry between the characteristics 
of the chromium nanostructures on ITO (►Fig. 5.8a) in contrast of pure block copolymer 
layer  (the  inset  of  ►Fig. 5.10c).  Symmetry of  the  characteristics  depends  on  the  height 
of barriers for positive and negative bias. [PAR94] Difference of energy level of Cr and ITO 
is only about 0.3 eV which is comparable with typical energetic disorder 0.2 eV at the 
electrode interface with polymer. Both Cr and ITO levels are pretty faraway from acceptor, 
and  donor  levels  of  the  polymer  blocks,  respectively.  This  is  not  a  case  of  the  block 
copolymer layer on the gold electrode whose energy level is similar to the donor state 
of PVP (difference  0.3 eV is  again  unimportant  with  regard  to  energy disorder  of  the 
interface).  Moreover,  interaction  of  Cr  with  PS  (and  PVP)  reduces  barrier  height  for 
anode / insulator interface. If Cr / PS electron barrier upon interaction is half using their 
original energy levels (i. e.  0.95 eV) then it  is comparable with ITO / PVP hole barrier 
(0.8 eV). Presence of Al in BC20 surely reduces Al / PVP electron barrier but its influence 
is not so considerable as in case of Cr with regards to less reactivity of Al. Hence, it is 
reasonable to expect asymmetry in the Au / BC20 / Al device with good hole injection and 
poor electron injection.
Further difference between characteristics of BCCr37 (or BCCr23) and BC20 may be 
expected just due to distinction in diffusivity and reactivity between Cr and Al. Namely, 
the  nature  of  molecular  doping  of  amorphous  polymers  controls  important  electronic 
properties of devices, like charge carrier barriers between an electrode and polymer, or 
energetic levels and disorder of doped sites in polymer.  With higher energetic disorder 
of trapping states, HOMO and LUMO levels in polymer are shifted closer to one another in 
fact.  Intrinsic  positional  disorder  in  amorphous  polymers  is  typically  not  too  high: 
it doesn’t exceed 0.25 eV. However, additional parameters of the device may significantly 
contribute to lowering of the energy barrier at the metal / polymer interface.
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§1 Parameters of  the thermionic emission
Electrode FN or RS emission are used for estimation of the energy barrier between an 
electrode and the polymer [PAR94] but both processes disregard some important factors. 
FN field emission doesn’t take an image potential into account, RS thermionic emission 
does, still it doesn’t e. g. back-flow of carrier due to dipole or charge-charge interactions as 
well  as  roughness  effects.  Hence  both  emission  models  predicts  much  lower  energy 
barriers  (up  to  several  orders)  from  the  fits  of  experimental  data.  Quantitatively, 
RS emission at certain temperature T is dependent on the height of the energy barrier Δ and 
the lowering image potential determined by permittivity ε and electric field F = U / d
ln IS =ln ARST 2 1kT − e340  Ud   (5.5)
where  I is  the  RS  emission  current,  S is  the  working  area  of  the  diode,  ARS is  the 
Richardson-Schottky  constant  (60 A·cm-2·K-2),  k is  the  Boltzmann  constant,  e is  the 
elementary charge,  ε0 is the vacuum permittivity and  dε is the dielectric thickness of the 
diode.  If  hopping is  introduced,  this  formula  can  be  extended  by contributions  of  the 
energetic disorder σ of hopping sites and the voltage drop at the intermolecular distance a 
(or hopping distance) [BUR03]
ln IS =ln ARST 2 1kT − e340  Ud  223   ekT  ad  Ue ad  U  .    (5.6)
This equation still doesn’t involve dipoles and roughness effects, but it accounts for 
experimental  divergence of permittivity ε from RS or PF emission.  Concomitantly,  this 
formula shows that the energy barrier is lowered with the increasing energetic disorder σ 
and the intermolecular distance a. 
Furthermore, dipoles can contribute to lowering or escalation (depending on polarity) 
of the energy barrier by [SIG02]
d=
e
0
(5.7)
where the variation in energy barrier height Φd is induced by dipoles of dipolar moment μ 
with  a  surface  concentration  Γ.  Although  their  contribution  may  be  pretty  high  (over 
0.6 eV), it is often lower due to their reorientation. [SIG02]
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Finally,  especially  in  this  study,  lowering  of  the  energy  barrier  due  to  roughness 
of electrodes should be considered. [NOV06, LIM05] Effect of roughness involves not only 
the  root  mean square  roughness  of  the electrodes  (h0,A and  h0,C),  but  also their  mutual 
distance L (i. e. average polymer thickness) and their surface correlation lengths lA and lC. 
[NOV04]  Novikov  and  Malliaras  demonstrate  only  evaluation  for  polymer  thickness L 
strongly dissimilar from the correlation length l, and they predict energetic disorder σr due 
to roughness to be very low, in order of 0.01 eV. Evaluation of σr for intermediate state 
L ≅ l seems to be mathematically difficult.  Since the surface correlation length of ITO 
surface is 10−30 nm, influence of roughness energetic disorder cannot be neglected for 
polymeric films of such thickness. Likewise we have to inspect the cathode.
In case of polymer film under metal sputtered into pores, the cathode is artificially 
rough. It may be approximated by an array of cylinders of the diameter D ≅ 5−10 nm, the 
mutual distance P ≅ 25 nm, and the height H and calculated according to definition of the 
surface correlation length l. [GAD02] However, cylinders don’t represent real distribution 
of metal in pores, the real concentration of metal varies slightly towards depth of pores. 
Moreover one should take into account many defects in the nanotemplate lattice which 
decrease the correlation length. Direct calculation of l for a certain real structure seems to 
be very difficult and would require more advanced simulations of lattice defects. [BOS06] 
Nevertheless, one can roughly estimate it by comparison with a similar pattern, like e. g. 
Ni nanorods made via the PS-P4VP nanotemplates. [SID03, SID04]
Autocorrelation analysis of this pattern gives correlation length of about 28 nm (the 
real value is lower due to tip radius). Roughness Rq is proportional only to the height H 
because of the constant diameter and mutual distance. Taking D ≅ 8 nm and P ≅ 25 nm at 
1 × 1 µm2 area,  Rq ≅ 0.3 × H is 3−7 nm for 10−20 nm high cylinders. Ratio between the 
rms roughness and the correlation length is already significant in this case.
§2 Evaluation in Schottky plots
We examine for thermally assisted emission phenomena in that sample characteristics 
where we suppose dominative injection. ►Fig. 5.11 shows Schottky plots of characteristics 
of pure BC (BC20) and the chromium nanostructures, BCCr37 and BCCr23. Here current 
density natural logarithm is plotted vs. square root of voltage because the real dielectric 
thickness of the samples is unknown due to penetration of Cr into adhesion layer. The 
characteristics are fitted in accordance with Richardson-Schottky formula (5.5), and Burin-
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Ratner (BR) formula (5.6), respectively. Although injection is dominant in all the cases, we 
can distinguish different mechanisms using these fits. 
Evidently  BR emission  holds  for  the 
pure diblock copolymer thin film (BC20) 
where hopping plays crucial role. The best 
fit  gives  reasonable  value  of  the  average 
hopping distance a which is ca. three times 
higher than in case of conductive polymers. 
Lower  dielectric  thickness  should 
correspond  only  to  that  part  of  sample 
which  contains  well  localized  hopping 
centers. P4VP may be overdoped close to 
interfaces with electrodes which results in 
the  higher  energetic  disorder σ and  the 
lower hopping distance a. This is the case 
of the chromium nanostructures where the 
best  BR  fits  gives  very  low  hopping 
distances  and  high  energetic  disorders. 
However  these  parameters  ascribe  much 
less  energies  than kT to  the  measured 
ranges of voltage. Since BR formula (5.6) 
holds only for eUa /d kT  its assignment 
to  the  characteristics  of  the  chromium 
nanostructures  is  incorrect.  Nevertheless, 
RS  formula  (5.5)  affords  fits  with 
reasonable parameters. Assuming dielectric 
permittivity  of polystyrene  [LUP05]  and 
poly(4-vinylpyridine)  [RAO02]  to  be 2.55, 
these  fits  result  in  dielectric  thickness  of 
15.6 nm for 23 nm thick nanotemplate, and 
35.2 nm  for  37 nm  thick  nanotemplate, 
respectively.
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Figure 5.11:  Burin-Ratner  (BR,  solid)  vs. 
Richardson-Schottky (RS, dashed) fits of the 
electron injection of  (a)  BC20,  (b)  BCCr23 
and (c) BCCr37. The fitting parameters, the 
barrier  height,  the  dielectric  thickness,  the 
hopping distance  and  the  energy disorder, 
are summarized close to corresponding fits. 
As  well,  the  thermal  equivalent,  which 
determines upon validity of BR fit, is shown 
for every sample.
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We believe that metal-polymer interaction rate is causality for occurrence of hopping 
mechanism in the injection. Namely, if chromium is sputtered into pBC nanotemplates its 
high  reactivity  together  with  low  stability  of  benzene  rings  results  in  formation 
of organometallic polymer. Moreover, we suppose that chromium can easily penetrate and 
react in the adhesion layer because this layer (in place of P4VP phase) is ruptured upon 
rinsing  of  HABA.  [TOK05]  Hence,  the  top  electrode  serves  only  as  a support  layer 
of carriers for chromium. Generated organometallic polymer seems to lack hopping sites 
and behave rather like a crystalline semiconductor. On the other hand, evaporation of Al 
onto  pure  BC  layer  (BC20)  dopes  predominantly  P4VP  with  Al  clusters.  Since  Al 
possesses much lower reactivity than Cr, we assume that Al is dispersed in P4VP rather in 
form of clusters. These clusters serve as hopping sites in BC20.
§3 Model of  Arkhipov et al.
Another one-dimensional model of the hopping injection, which we examine, has been 
formerly  developed  by  Arkhipov  et al.  [ARK98]  Their  theory  is  based  on  the  escape 
probability, which is consistent with the Onsager theory. So it is concerned with another 
idea than the BR theory which focuses on a simple injection path, where carriers walk 
randomly (in one direction only) through the medium. Therefore, Arkhipov’s approach can 
describe characteristics better at low fields than the simplified BR formula (5.6), which 
doesn’t hold below kT just because of thermal fluctuations. On the other hand complicacy 
of the formula requires numerical solution of its prescription
j inj=e∫
a 0
∞
dx0⋅{exp−2 x0∫−∞∞ dE{
Bol E g [E−U x0]⋅
⋅
∫
a 0
x0
dx exp[−ekT Fx e160 x ]
∫
a 0
∞
dx exp[−ekT Fx e160 x ]}} (5.8)
where  the  total  hopping  injection  current jinj is  proportional  to  the  attempt-to-jump 
frequency ν,  the distance from the electrode to nearest  hopping sites a0 and the inverse 
localization  radius γ.  Then  it  is  dependent  on  overlap  of  Boltzmann  energy 
distribution Bol(E) and the density-of-states (DOS) distribution g[E - U(x0)] where U(x0) is 
superposition of the injection barrier Δ, energy of the Coulomb field of the image charge 
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and energy of the external field F. Finally the fraction on the end of (5.8) describes the 
Onsager  escape  probability  of  the  carrier  from the  position x0 behind a0 to  the  remote 
electrode. If DOS distribution is taken as Gaussian, the overlap energy density may be 
analytically expressed as
∫
−∞
∞
dE Bol E g [E−U x0]≃2 [1−erf U  x02 ] (5.9)
so that the injection current depends linearly on the energy disorder σ when  σ is much 
smaller or larger than U(x0).
We demonstrate fits  of the formula (5.8)  with regard to (5.9) on the characteristics 
of BC20 and the chromium nanostructures using the parameters estimated from BR and RS 
expressions (see ►Fig. 5.12). The distance a0 has been approximated by the average hopping 
distance a of  the  BR  approach.  Nevertheless  all  the  fits  result  in  the  same  tendency 
of characteristics which are scaled only by a certain constant in the double logarithmic 
plots. This is not surprising because our characteristics are taken at lower fields than that 
of Arkhipov et al. [ARK98] They show in their model that the injection current (5.8) should 
be linearly dependent on the parameters (Δ, a0, σ) at low electric fields.
Existence  of  the  low-field 
crossover  from  ILC  to  SCLC 
[ARK03]  in  BC20  in  contrast 
of chromium  nanostructures  is 
rather interesting feature. According 
to  the  mobility-barrier  diagram, 
[WOL99] only ILC may be expected 
for  systems  with  high  zero-field 
mobility. This might be a case when 
P4VP is doped at monomeric level, 
i. e.  each  pyridine  monomer  reacts 
with  Cr  forming  semi-metallic 
material  (organometallic  polymer) 
with  high  mobility.  Btw.  higher 
slope of the linear characteristic of the low-rate (0.3 nm) loaded chromium nanotemplate 
on CrAu (►Fig. 5.7b)  can  be  explained thanks to this  approach.  On the other  hand,  Al 
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Figure 5.12:  Interplay  of  current  injection  (solid 
line)  and  space  charge  limited  currents  (dashed 
line)  in  20 nm  thin  film  of  PS-b-P4VP  (sample 
BC20 (circles)) according to Arkhipov et al. [ARK03] 
Injection (solid lines)  may be applied also on the 
characteristics of porous nanotemplates loaded by 
chromium  (in  the  inset,  BCCr23  (squares)  and 
BCCr37 (triangles)).
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clusters  are  dispersed  in  P4VP due  to  lower  reactivity  so  that  charge  carrier  is  well 
localized.
When RS and BR expressions (5.5) and (5.6) are applied on the characteristics, one can 
estimate the energy barrier of charge injection from an electrode into the low-mobility 
medium (BC20  or  chromium nanostructures).  The  best  fits  depicted  by solid  lines  in 
►Fig. 5.11 give the energy barrier of 0.87 eV for BC20 (►Fig. 5.11a) and about 0.75 eV for 
the chromium nanostructures (►Fig. 5.11b,c). These barriers are lower than the difference 
between the acceptor state of P4VP and the work function of Cr or Al (which gives ca. 
2 eV). An interaction of metal with P4VP close to the interface is a good reason for this 
lowering.  Another  factor,  the  contact  area,  can  be  only roughly estimated.  The fits  in 
►Fig. 5.11 are performed for the contact area 0.04 cm2 which represents the area of the 
diode. In fact, the real area is lower due to the pore fraction of about 0.11. [SID03] The real 
area may vary depending on occupancy of metal in the barrier layer (mostly in P4VP). If 
the real pore fraction ΰ is taken in a range 0.02−0.15, the barrier decreases furthermore by 
–kT × ln(ΰ), i. e. by 0.1−0.05 eV. Since we observe no hysteresis in the characteristics, we 
can exclude effect of dipoles. Influence of roughness of the Cr nanorods is controversial. 
Although its contribution should be pretty high as discussed above, the barrier difference 
of  BC20  and  chromium nanostructures  is  only  about  0.2 eV due  to  location  of  work 
function of Al (4.3 eV), and Cr (4.4 eV), respectively. However, the Al / polymer interface 
of  BC20  should  be  quite  rough  because  of  the  preferential  affinity  of  P4VP (mildly 
selective adhesion, see ►Fig. 5.9) and diffusion of Al into P4VP, so, the interface becomes 
wavy. Hence, the effect of electrode roughness on the electronic disorder is not evaluated 
in this study.
§4 Simmons formula fits
Whereas polystyrene underlies space charge limited currents completely (i. e. “bulk” 
mobility  limited  transport),  very  thin  film  of  pure  block  copolymer  enables  deeper 
penetration of metallic clusters thanks to P4VP which results in increase of “bulk” mobility 
and rather injection limited transport, namely at lower electric fields. This sample of block 
copolymer underlies behavior of molecularly doped polymers where metallic clusters are 
dispersed in insulator with characteristic distance of about 1.8 nm (Burin-Ratner model). 
Although chromium nanostructures are also molecularly doped, Burin-Ratner approach is 
pointed  at  much lower  distances  than 1 Å and cannot  be  applied in  principle  because 
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of dissension  of  experimental  range  of  electrical  fields  with  the  thermal  equivalent 
eFa≪kT . We explain this discrepancy by higher reactivity of chromium which attacks 
aromatic hydrocarbons and organometallic polymer. Observed characteristics may be fitted 
naturally  by injection  limited  current  mechanism (the  inset  of  ►Fig. 5.12),  [ARK98]  but 
non-homogeneous occupation of chromium in the adhesion layer and so narrower bridging 
(formed by organometallic polymer) may be expected in fact.
Therefore it is reasonable to probe into tunneling phenomena based e. g. on Simmons 
formula for a potential barrier of symmetrical shape [SIM63]
J U ,0= e
2hd 2
⋅{   [− eU2 exp−4dh  2me− eU2 ]−−[ eU2 exp−4dh 2 me  eU2 ] } (5.10)
where  the  current  density  at  zero  temperature J(U,0)  is  proportional  to  two  fitting 
parameters,  the  effective  barrier  height Φ,  and  the  effective  barrier  thickness d, 
respectively.  Further  h is  the  Planck’s  constant,  me is  the  free  electron  mass  and  U is 
voltage in the formula (5.10). For non-zero temperature, this formula must be extended 
[SIM64]
J U ,T  =J U , 0
22 d
h 2 me kT − eU2
sin 22 dh 2me kT − eU2 
≃J U , 0[143 
4 k 2 me
h2
d 2T 2− eU2 ]
(5.11)
where k is the Boltzmann’s constant.
The best  fits  of  current-voltage characteristics  of  the  chromium nanostructures  are 
plotted in  ►Fig. 5.13 and those of pure BC layer in  ►Fig. 5.14. First, all the fits result in 
an effective barrier  area of about 0.01 cm2,  hence ca.  25 % of the working area of the 
diode. This is about twice of the porosity factor. Second, the effective barrier thickness d is 
about  2 nm as  typical  for  tunneling  junctions.  Finally,  the  most  remarkable  difference 
appears  in  the  effective  barrier  height Φ.  Whilst  its  value  (slightly  over  2 eV)  for  the 
thinner chromium nanostructure (23 nm) is in good agreement with the electron injection 
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barrier between Cr and P4VP, unusually high barrier is obtained for the thicker chromium 
nanostructure (37 nm) and the thin BC film (BC20).
In order to elucidate it we shall to consider multiple tunneling in the polymer barriers 
enriched by metallic clusters. Such nature of insulating barriers is taken into account in the 
Simmons theory since the effective barrier height and thickness represent average values 
of all  the internal tunneling junctions.  Sputtered chromium clusters  penetrate mostly in 
P4VP below pores, subsequently, they dissociate and react with polymer thanks to their 
high reactivity. Randomly accrued clusters and moulds of organometallic polymer around 
them may be regarded as areas with free electrons in contrast to high localization in pure 
P4VP. In the 23 nm thin chromium nanostructure, kinetic energy of sputtered clusters is 
high enough to reach the bottom ITO electrode (see ►Fig. 5.13).
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Figure 5.13:  Tunneling  via  chromium  nanostructures  according  to  the  Simmons 
formula.  Its  fits  applied  on  (a)  23 nm and (b)  37 nm chromium nanostructures  are 
depicted by solid lines. The bottom sketch (c) demonstrates a fine detail of pore which 
is loaded by chromium clusters (spheres of various diameters). Polymer (mainly P4VP) 
reacts with the chromium clusters in their vicinity (small dark circles at polymer chains). 
This  enrichment  results  in  formation  of  areas  with  free  electrons  in  the  insulating 
adhesive layer (depicted by black line). The most probable path for tunneling is marked 
out  by  small  white  circles.  Average  length  of  accrued  moulds  (tunneling  channels) 
corresponds to the effective length of the barrier in the Simmons formula. 
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On the  other  hand,  the  kinetic  energy  drops  with 
increasing  aspect  ratio  (thickness  of  the  porous 
nanotemplate) so that lower enrichment of the adhesion 
layer by chromium clusters in the 37 nm thin chromium 
nanostructure may be expected. Similar situation occurs 
in  the  pure  BC film  where  less  reactive  aluminum is 
evaporated as the top electrode. Since the surface of the 
BC film is occupied by PS, Al clusters have to overcome 
this barrier and concentrate mostly on the top of P4VP 
bundles  (see  ►Fig. 5.14).  Hence,  a pretty  large  barrier 
(over 5 nm) may be formed at the bottom electrode so 
that rather hopping mechanism is dominative. ►Fig. 5.14 
demonstrates that the Simmons formula doesn’t fit the 
characteristic of BC20 so well like the above mentioned 
hopping models (Burin-Ratner’s, Arkhipov’s). None the 
less,  there  is  another  reason  for  this  misfit  in  BC20, 
namely,  accumulation of the space charge observed in 
the double logarithmic plot (►Fig. 5.12).
§5 Association with the vertical profiles
On basis of the presented experimental results and our former know-how of structure 
of this nanotemplate system, [TOK05] we dare to assign profile structures to the samples 
involved in steady-state transport measurements (►Fig. 5.15). Characteristics of very thin 
homolayers  of  chromium  in  different  oxidation  states  (and  different  electrodes, 
►Fig. 5.15a) are ohmic as well as those of chromium nanostructures deposited on smooth 
electrodes  (►Fig. 5.15c).  However  lower  resistivity  of  chromium  nanostructures  than 
of chromium homolayers is surprising at glance. It might be related to higher conductivity 
of organometallic polymer or penetration of gold cluster thanks to enhanced adhesion upon 
chromium occupation of the walls of pores. Several orders lower current transport and its 
non-linearity  in  chromium  nanostructures  deposited  on  rough  electrodes  (►Fig. 5.15e) 
constitute the main output of this study and are in agreement with x-ray reflectivity results 
and general conception about the system discussed above. A detail relation between current 
transport and structure of the chromium nanostructures on the rough electrode has been 
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Figure  5.14:  (a)  Fit  according 
to the Simmons formula and (b) 
schematics  of  the  tunneling 
processes  in  a  very  thin  film 
of diblock  copolymer  (sample 
BC20).
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obtained  by  comparison  with  reference  samples  as  thin  films  of  major  polystyrene 
(►Fig. 5.15b) and pure block copolymer (►Fig. 5.15d).
We have shown that the roughness of substrate is surely one of the main parameters 
influencing  formation  of  block  copolymer  nanotemplates.  The  effect  of  roughness  on 
nanotemplate  morphology  comes  into  focus  on  commonly  used  surfaces  like  ITO 
electrodes,  which  are  in  favor  mainly  in  electroluminescent  and photovoltaic  devices, 
thanks to their good transparency, sufficient conductivity and quite high work function. An 
adhesion layer in the nanotemplate deposited on the rough ITO electrode was revealed by 
x-ray reflectivity and also demonstrated by electrical measurements.
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Figure 5.15:  Vertical profile sketches of thin films involved in the measurements as 
estimated from experimental results. (a) Chromium layer of various oxidation state 
has  been  deposited  on  ITO  or  CrAu  electrode  and  covered  by  Al  or  Au  and 
compared with  (b)  PS non-porous layer.  (c)  Porous BC nanotemplates  on CrAu 
electrode loaded by metallic chromium in various rates (e) for two thicknesses and 
compared with (d) BC non-porous layers. 
Steady-state transport through chromium nanotemplates
Current voltage characteristics of chromium nanostructures on smooth chromium-gold 
and  rough  ITO  electrodes  with  thin  chromium,  polystyrene,  and  polystyrene-block-
poly(4-vinylpyridine) films were compared. We developed the chromium nanostructures 
via sputtering of chromium into porous PS-b-P4VP nanotemplates. Ohmic behaviour was 
observed  in  all  chromium  films  and  chromium  nanostructures  on  smooth  electrodes, 
regardless an amount and oxidation of chromium in the films. In chromium nanostructures 
deposited on more rough ITO electrodes lower currents (of several orders) and nonlinear 
characteristics  were  detected.  The  best  fits  of  the  characteristics  were  obtained  using 
Richardson-Schottky injection model unlike a thin polystyrene film, where space-charge-
limited  currents  dominate.  As  an  intermediate  case,  we  observed  interplay  of  charge 
injection and SCLC in a thin PS-b-P4VP film. Transport in the PS-b-P4VP film can be 
well described within the injection model only upon inclusion of hopping into Schottky 
model  (so  called  Burin-Ratner  model).  The  experimental  data  were  also  analysed  by 
Arkhipov  model.  However,  definite  parameters  could  not  be  achieved  since  the 
characteristics were studied at  room temperature only.  Nevertheless, it  is  apparent that 
interaction of metallic clusters with P4VP block results in formation of charge traps at the 
interface, which facilitate charge injection into the adhesion layer. Moreover, thermally 
assisted  Simmons  fits  demonstrate  that  the  thickness  of  chromium nanostructures  has 
almost no influence on the dielectric thickness though, but reduction of the kinetic energy 
of  the sputtered chromium clusters  by longer  pores result  in their  lower  reactivity (or 
enrichment) within the adhesion layer, and so, higher barriers for charge carriers.
Separation of nanotemplates into two layers (bottom insulting one, and top porous 
one, respectively) may be a reason for insufficient electrical contact also in electroplating 
applications, where naturally rough copper or gold are often employed. This problem may 
be resolved e. g. by combination of thicker supporting metal film with small grains (Cr, Ti) 
and very thin film of desired metal on top (Au, Cu),  or another gentle method (UHV 
sputtering,  mica-template  stripping  etc.).  Our  experience  for  above  described  block 
copolymer  nanotemplate  renders  critical  rms  roughness  in  range  of  0.5−1.0 nm  per 
1 × 1 μm2. Seeing that average height of surface roughness is in order of few nanometers 
as well as length of the adhesive block (P4VP), disruption of regular morphology of the 
nanotemplate  at  overrun  of  the  critical  value  of  substrate  roughness  is  apparently  the 
reason for formation of a thick adhesion layer of the nanotemplate.
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6 Thin film assemblies of PS-P4VP 
with low-molar-mass additives 6
This chapter introduces into functionalization of the diblock copolymer by low-
molar-mass additives (LMA), namely in  respect to optoelectronic applications.  The  
emphasis  is  placed  on  comparison  of  various  sorts  of  LMA which  differ  by  their  
molecular  weight,  polarity,  type  and  number  of  groups  available  for  hydrogen 
bonding, and of course, optical functionality. Two basic development approaches are  
presented,  each  circumscribed  for  a  certain  kind  of  LMA,  providing  a  specific  
architecture in dependence of used additive and procedure.
6.A Hydrogen bonding groups
We  have  shown  above  that  PS-P4VP 
diblock copolymer may be easily modified 
by  ortho-HABA in  order  to  produce  well 
ordered nanotemplates. This procedure can 
bid to develop library of functional diblock 
copolymers containing e. g. photoisomeric, 
luminescent or other interesting conjugated 
additive.  However,  the  choice  of  LMA is 
limited  due  to  several  physico-chemical 
parameters influencing formation of highly 
regular  nanotemplates,  hence  ordered  thin 
films.  For  instance,  3-pentadecyl  phenol 
(PDP) is a good example which forms nice 
hierarchical  structures  in  bulk,  [RUO99] 
whereas its assembly in thin films doesn’t 
provide  desired  cylindrical  morphology. 
[TOK04]  In  this  case,  surfactant  behavior 
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Llamas-Siaz Jeffrey
2.06
163.9° 2.02 / 2.13
1.96
165.8° 1.99 / 1.94
1.96
165.4° 1.93 / 1.88
1.87
163.4° 1.83 / 1.89
Table  6.1:  Mean  H-bond  lengths  (Å)  and 
angles  between  amine,  water,  amide  or 
alcohol  like  donors  and  pyridine  acceptor 
according  to  Llamas-Siaz  [LLA90,  LLA92] 
and Jeffrey [JEF89].
R NH2 N
HOW N
N H N
R OH N
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and weak hydrogen bonding of PDP with P4VP block are principal arguments for this 
distinction.
Generally, hydrogen bonding strength takes effect on hydrogen bond length and angle. 
►Tab. 6.1 summarizes some data about hydrogen bonding of various functional groups with 
pyridine, acquired from the Cambridge Structural Database and on purines, pyrimidines, 
nucleosides and nucleotides. Although several types of bond length and angle parameters 
can be taken into account, the mean length between hydrogen and the acceptor, and the 
angle  at  the  hydrogen  atom  respectively,  provide  basic  information  about  the  bond 
strength.  These  data  demonstrate  that  hydrogen bonding in  all  mentioned structures  is 
moderate,  however,  hydroxyls form stronger bonds than amines.  ►Tab. 6.1 shows single 
linear bonds only. More complex situation occurs in bonds of carboxyls, which can donate 
and  accept  hydrogen  at  once  (via  C–O–H  and  C=O).  Moreover,  this  group  can  be 
deprotonated in order to form very strong hydrogen bonds, rather ionic-like.
Thus,  as  we  focus  only  on 
hydrogen bonding via  the  most  used 
hydroxyl  or  carboxyl  groups,  [VIS02, 
VIS03] we have still to think over more 
detail  specification of such additives. 
First,  carboxyl groups form generally  
stronger  hydrogen  bonds  than 
hydroxyl groups. [PER97] This may be 
an  advantage  in  formation  of  more 
stable  complexes,  however,  strong 
dimers  of  the  additive  prevent  its 
complete  dissolution  in  less  polar 
solvents (see ►Tab. 6.2 for typical bond 
geometries  of  strong  carboxyl 
interactions).  Although  this  can  be 
overcome by heating in solvents with 
higher  boiling  point  (1,4-dioxane, 
toluene  etc.),  it  is  not  possible  for 
every  solvent  which  is  suitable  for 
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length angle
1.91-2.01 156°-167°
1.76-1.97 164°-174°
1.64-1.70 165°-177°
1.64-1.66 ≈180°
1.40-1.50 173°-179°
Table 6.2:  Some H-bond lengths (Å) and angles 
of  carboxylic  acid  crystal  structures  of  organic 
molecules  obtained  by  neutron  diffraction. 
[JEF97]
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development  of  assemblies  with  block  copolymer  (e. g.  chloroform).  An  interesting 
situation occurs when the group is intramolecularly bonded so that the intermolecular bond 
is weakened. In such case, the nature of the bond is strongly influenced by supporting 
solvent. Second, number and position of bonding groups over the molecule of the additive 
seems to be important namely in thin films. If there is only one hydroxyl, this push-pull 
system doesn’t bind to P4VP so strong in comparison with surface forces attracting such 
additive. In order to suppress the surfactant behavior it’s desired to have bonding groups 
deployed over all molecule,  not only at one side. However, presence of many bonding 
groups may compound poor solubility of the additive in apolar solvents. Third, size of the 
molecules influences  not  only  the  volume  fraction  of  P(4VP+LMA)  assembly  in  the 
functionalized block copolymer but it may hinder from hydrogen bonding because of steric 
effects in the macromolecule.
6.B Direct functionalization
Procedure  for  development  of  nanotemplates  using  ortho-HABA would  represent 
direct functionalization of the diblock copolymer but  ortho-HABA has no other physical 
functionality. We define direct functionalization of the diblock copolymer as following:
1. the  additive  possesses  optical, 
magnetic,  thermal  or  other 
interesting physical property;
2. this  additive  is  blended  with  the 
diblock copolymer in solution, or in 
melt  respectively,  and  the  thin  film 
(nanotemplate) is cast using this solution or melt (via dip or spin coating, zone or 
drop casting, see ►Fig. 6.1).
If we would like to avoid aggregates of LMA in the thin film, several procedures should be 
applied:
1. both LMA and BC should be well dissolved – separately;
2. BC solution should be slowly trickled into LMA solution (at elevated temperature) 
in order to spread BC chains in LMA solution well;
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Figure 6.1: Direct functionalization.
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3. resulting solution should be heated and mixed further for at least one hour; the 
extensive use of ultrasonification may tend to degradation of aromatic compounds; 
[PET96] reflux methods may be also used in order to remove water for instance, 
however, it doesn’t take effect so much because formation of the thin film is mostly 
influenced by environment during its casting;
4. solution should be filtered just before casting; it is recommended to scour the filter 
in clean solvent from possible impurity or dust in the filter;
5. when dip coating is used, level of solution should be sufficiently below the bottle 
neck in order to obtain full  saturation of solvent above the level which ensures 
enough time for polymer reorientation; in fact, position of the level may be useful 
for  tuning  of  HABA  based  nanotemplates  for  instance  but  short  period  for 
reorientation results in opalescent films in case of more crystallizable LMA on the 
other hand.
Nevertheless,  observance  of  all  this  recommendations  doesn’t  ensure  complete 
suppression of aggregates in the thin film, since it is predestinated by the additive itself. 
Because the additive is only weakly bonded to P4VP block in PS-b-P4VP nanotemplates, 
it  is  difficult  to  predict  morphology  of  the  self-assembly  in  general.  This  section 
demonstrates use of some typical additives for polymer labeling.
6.B.a Fluorescent dyes
There  are  several  reasons  for  incorporation  of  fluorescent  dyes  into  polymers. 
Disregarding  specific  labeling  for  polymer  characterization  (e. g.  its  structure)  dyes 
incorporated  into  polymers  results  typically  in  better  optical 
and processing  properties.  However  it  depends  if  the  dye is 
only dispersed (usually, it aggregates) or regularly bonded to 
the polymer backbone. If it is bonded, then optical properties of 
the  dye  depends  on  the  polymer  ligand  of  course  since  the 
interaction,  and  the  assembly  with  polymer  respectively, 
determinates polarity, and degrees of freedom respectively, of 
the dye molecule.
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Scheme 6.1: 1-Pyrene-
methanol (PyM).
OH
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§1 Pyrenes
For the initial  study,  1-pyrenemethanol (PyM) has been chosen (►Sch. 6.1).  PyM is 
a pyrene  derivative  of  blue  fluorescence,  which  became  popular  in  various  strategies 
of development  of  novel  optoelectronic  composites  as  well  as  detection  techniques. 
[CON03]  It  should  provide  higher  degree  of  freedom  than  hydroxypyrene  but  less 
surfactancy than pyrenebutanol. Higher degree of freedom is required because of bulky 
character of pyrene which may hinder in formation of the self-assembly (the steric effect). 
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Figure  6.2:  AFM  topography  (500 × 500 nm2)  of  PyM  thin  film  assemblies  with 
PS-b-P4VP (upon  selective  rinsing  of  PyM)  dip  coated  (ca. 35 nm)  and  annealed  in 
1,4-dioxane (a), chloroform (b), THF (c), and toluene (d), respectively. PyM was blended 
in stoichiometric ratio 1 : 1 with 4VP monomer unit of the diblock copolymer S34P3 in 
each of the cases. 1 % w/v solution were used for deposition and 10 min annealing in 
saturated vapors of certain solvent was applied.
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Blue  fluorescence  is  pyrene  monomer’s  own  only,  otherwise,  excimers  exhibit  broad 
emission around 500 nm. [FOR69, BIR75, WIN93]
PyM is quite well soluble in organic solvents (including alcohols) which prompts to 
examination  of  several  solutions  of its  assembly  with  PS-b-P4VP.  Basically,  one  can 
compare  influence  of  solvent  on  thin  film  morphology  as  in  case  of ortho-HABA. 
Topographies of such films, after deposition and ca. 10 min. vapor annealing in certain 
solvent, are depicted in ►Fig. 6.2 where the topography contrast was achieved by rinsing the 
films in methanol as in case of HABA assemblies.
Here,  morphologies  significantly  differ  from  typical  HABA  patterns  with  only 
exception,  when toluene was  used  as  deposition  and annealing solvent.  Therefore,  the 
following examination about PyM assemblies is focused just on thin films prepared from 
toluene solutions.
Though the  film deposited  from toluene may appear to  be ideal  (►Fig. 6.2d),  AFM 
doesn’t  provide information about depth of pores, since the tip cannot penetrate in the 
pores.  However,  a  valuable  scheme  may  be  obtained  from  ellipsometry  thanks  to 
Bruggeman’s formula. [BRU35] Refractive index 1.60 of {PyM + S34P3} thin film self-
assembly was reduced upon rinsing with methanol in value 1.58.  This one-layer model 
demonstrates that refractive index is only slightly reduced (0.02) in comparison with those 
films of {ortho-HABA + BC} self-assembly (typical reduction of about 0.10). Therefore, 
we may expect that the effective pore fraction in {PyM + S34P3} assemblies is largely 
reduced.
An interesting  scheme may be  obtained when two layers  in  the  film are  assumed 
(►Tab. 6.3); the bottom layer consist of non-porous polymer only with refractive index 1.59; 
the top layer is porous (according to its topography, ►Fig. 6.2d) so that its refractive index 
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Refractive 
index
Bruggeman’s 
pore fraction
Thickness 
(nm)
Percentual 
thickness
Bottom layer 1.59 0.000 29.5 91 %
Top layer 1.50 0.147 3.0 9 %
Whole film 1.58 0.017 32.5 100 %
Table  6.3:  Two-layer model of Bruggeman’s pore fraction for a thin 
film of PyM assembly with S34P3, dip-coated from toluene.
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may  be  set  to 1.50.  When  such  model  is  supposed  thickness  of  both  layer  may  be 
calculated using the ellipsometric software. This results in characteristic top layer thickness 
of about 9 % of the whole film.
However, a more precise model is required since ellipsometry of heterogeneous thin 
films about 30 nm thick often fails due to systematic errors (see ►Section 2.A.c). But a fit 
of x-ray  reflectivity  curve  (scan  for  17 hours)  provides  enough  accurate  depth  profile 
model (►Fig. 6.3). Thickness of the film within this model is 31.8 nm whereas thickness 
of the top porous layer is 6.0 nm, hence, 19 % of the whole film.
There is still  question where PyM is placed in the film seeing that less than 20 % 
of PyM molecules participates in microphase separation. They may be adsorbed to the Si 
surface together with P4VP block, however, film shrinkage upon rinsing is only about 3 %. 
A closer look over the surface reveals rarely distributed PyM crystals which are enough 
contrast in both the height, and the phase signal of AFM, respectively (►Fig. 6.4).
Despite of crystallization, PyM in nanotemplates is attractive for PL study thanks to 
pretty high degree of order. A choice of reference sample is not explicit because it depends 
whether PyM is only dispersed, or bonded to homopolymer reference, respectively. PyM 
dispersed in polystyrene shall aggregate preferably. If does not, it  should be disordered 
unlike PyM grafted to polyvinylpyridine where one can expect certain degree of order yet, 
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Figure 6.3: X-ray reflectivity curve with a corresponding depth profile (in the inset) 
of  PyM  thin  film  assembly  with  S34P3,  dip-coated  and  annealed  (10 min)  in 
toluene and rinsed with methanol.
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because of reinforcement of the polymer backbone by pendant PyM molecules. In this 
study,  PyM  in  nanotemplates  is  compared  only  with  PyM  in  carboxyl  functionalized 
polystyrene  (PSCOOH).  All  the  samples  were  spin  coated  on  fused  silica  slides  in 
thickness  about  50  nm.  No  discrepancies  in  surface  topography  were  observed  in 
comparison with the dip coated samples.
Although there are almost no differences in absorption spectra, PL emission reveals 
dependence of spectral shape on the order evidently (►Fig. 6.5a,b).  Excimer emission is 
suppressed in the blend with PSCOOH already, surely thanks to hydrogen bonding of PyM 
with  carboxylic  groups.  When  PyM is  blended  with  S34P3  block  copolymer  and  just 
deposited,  the  monomer  vs.  excimer  ratio  increases  only  little  which  reflects  less 
aggregation only. We have to note that we didn’t observed significantly higher aggregation 
in the blend with PSCOOH than with S34P3. Evidently, the highest suppression of excimer 
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Figure 6.4:  AFM topography (2 × 2 μm2) of PyM crystal in thin film assembly with 
S34P3 upon dip coating from toluene. Both the height (on the left), and the phase 
signal (on the right) profile respectively, are taken along the lines inscribed in the 
AFM images.
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emission occurs after vapor annealing of the PyM nanotemplate, hence, the order plays 
a crucial role in the spectral shape. But it is not clear if it is because of improved hexagonal 
structure or because of internal reorientation of PyM in the pores (comb-like structure).
PyM in nanotemplate is more sensitive to excitation around 395 nm than in PSCOOH. 
A characteristic  bleaching  of  monomer  emission  upon  illumination  at  about  395 nm 
(ca. 5 mW/cm2) is depicted in ►Fig. 6.5c. While bleaching is practically linear in blend with 
PSCOOH, exponential decay trend is observed in nanotemplates. This decrease is most 
pronounced only in annealed nanotemplate. On the other hand, the illumination suppresses 
excimer emission of nanotemplates significantly unlike PSCOOH blend where the ratio is 
unaffected by illumination and only bleaching is observed (►Fig. 6.5d). That means, short 
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Figure  6.5:  Absorption coefficient (a), PL emission (b), UV monomer bleaching (c), 
and monomer vs. excimer ratio of UV bleaching (d) of PyM incorporated in PSCOOH 
(solid  line,  triangles)  and in nanotemplates without  vapor annealing (dash-dot line, 
squares)  and  with  vapor  annealing  (dot  line,  circles). Excitation  wavelength  was 
345 nm.
Chapter 6
illumination  at  the  excitation  wavelength  (few  minutes)  of  PyM  nanotemplates  may 
markedly  shift  their  emission  towards  blue  unlike  PyM  blended  with  homopolymer 
PSCOOH.
§2 Benzoxadiazoles
Benzoxadiazoles (benzofurazans) are benzoic derivatives of oxadiazole, an important 
electron  transporting  dye.  There  is  not  lot  of  publications  about  optical  properties 
of benzoxadiazoles, some of them are reviewed by Imai’s group. [UCH00] Another review 
by the  same group summarizes  utilization of  benzofurzans  as  fluorogenic  reagents  for 
biological  compounds.  [IMA94]  As  stressed  by  Uchiyama  et  al.,  benzofurazans  have 
emission  at  shorter  wavelength  (around  500 nm)  than  similar-sized  coumarins  or 
naphtalenes.  [NUM05]  For  thin  film  studies,  we  have  chosen  2,1,3-benzoxadiazole-5-
carboxylic acid (BOC) whose formula is depicted in ►Sch. 6.2.
Since molecule of BOC is small in comparison 
with  ortho-HABA,  we  included  increased 
stoichiometric ratio 3 : 2 (BOC : 4VP) in the study, 
besides  the  usual  1 : 1.  Such  ratio  corresponds 
roughly to the amount  of  ortho-HABA assuming 
similar density of the mass. However, we observed 
macrophase separation in thin films of BOC with S40P6 block copolymer regardless the 
blending ratio (►Fig. 6.6a).  Appearance of this separation seems to be less extensive for 
lower  ratio of  BOC in the blend,  nevertheless,  distinction between the  blends is  more 
apparent from their nanoscopic topographies.
In the film of the ratio 3 : 2,  we can clearly discern crystallizing areas from those 
where BOC assembles well with BC (►Fig. 6.6b-e). In the film of the ratio 1 : 1, formation 
of crystals is suppressed, none the less, macrophase separation still occurs (►Fig. 6.6f,g). We 
have  to  note  that  refractive  index  of  all  the  films  upon  BOC  washing  was  in  range 
1.570÷1.585,  i. e.  only  spheres  (or  sphere  assemblies  respectively)  at  the  surface  are 
forming. Foreasmuch as the lateral order in BOC nanotemplates is poor, these films are out 
of interest for PL investigation.
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Scheme 6.2: 2,1,3-benzoxadiazole-
5-carboxylic acid (BOC).
N
O
N
OH
O
Thin film assemblies of PS-P4VP with low-molar-mass additives
101
Figure  6.6:  Surface of  thin films of  BOC self-assembly with S40P6. An optical  scan 
(400 × 400 μm2, acquired by DI IV Microscope) of BOC aggregate in the thin film (a) was 
observed regardless the blending ratio (1 : 1 or 3 : 2, BOC : 4VP).
AFM topographies (upon rinsing of BOC by methanol) reflect appearance of BOC in the 
film of  the blending ratio  3 : 2,  whether they assemble with  BC (b,  or  c in detail)  or 
crystallize in the aggregate (d, or e in detail).  Crystals were not observed in the film 
of the blending ratio 1 : 1 though but the film is still  separated (f,  g). Both films were 
prepared from 1.2 % w/v solution in 1,4-dioxane and annealed in 1,4-dioxane for 60 h 
upon deposition and prior methanol washing.
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§3 Fluoresceins
Fluoresceins are highly fluorescent dyes with characteristic green emission. They are 
mostly used as probes of intracellular pH thanks to strong sensitivity of their fluorescence 
on pH. [BAB83] Valuable is also their biocompatibility, therefore, they are widely used in 
biochemistry. 
§3.1 Carboxyfluorescein in solutions
Here,  we  deal  with  5(6)-carboxyfluorescein 
(COFL) (►Sch. 6.3) which possesses several hydrogen 
bonding  donors.  So,  it  is  well  soluble  in  solvents 
of higher basicity and its spectroscopic properties are 
expected  to  be  highly  solvent  dependent.  This 
demonstrates  ►Fig. 6.7 where  all  the  spectroscopic 
parameters (molar absorptivity, excitation intensity, and 
emission intensity) are evidently dependent on solvent 
polarity.  Such  solvent  effects  are  known  for  many 
chromophores.  [REI03]  Solutions  were  quite  a  lot 
diluted  (about  10-3 M)  due  to  high  fluorescence 
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Scheme  6.3:  5(6)-carboxyfluo-
rescein. 
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Figure 6.7: UV-vis absorption (a), PL excitation (b), and PL emission (c) spectra of COFL 
solutions  in  alcohols  and  pyridine  (1%  mole  fraction).  Both  excitation  spectra,  and 
emission spectra respectively, have been taken at wavelengths of maxima of emission, 
and excitation respectively. 2.5 nm slits has been used.
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of COFL. Solutions were compared at the same mole fraction concentration of COFL in 
solvents (1 : 100) in order to visualize solvation effects directly.
Although several polar groups surround COFL, it may be dissolved in 1,4-dioxane (in 
maximal dilution of about 3 × 10-3 M), a  non-polar solvent  according to Dimroth’s and 
Reichardt’s polarity scale. However, spectroscopic behavior in dioxane is discrepant from 
the polar solutions. Its absorption maximum in visible spectrum is red-shifted to 476 nm 
according to weak negative solvatochromism of COFL (►Fig. 6.8a). However, absorption 
spectrum has dispersion-like character, well known for macromolecules. Though prepared 
solution  was  clear  even in  30× more  concentrated  solutions  than measured,  formation 
of dimers or even oligomers may be expected in dioxane. Even more interestingly, COFL 
in dioxane has no remarkable green fluorescent emission (►Fig. 6.8b). Deeper probe in its 
excitation spectrum reveals wavelength of the highest excitation in UV (►Fig. 6.8b,c) unlike 
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Figure 6.8: Absorption (a) and PL (b, c, d) spectra of COFL solution in 
1,4-dioxane (1 % mole fraction). Long wavelength excitation (457 nm), 
and  emission  (528 nm)  respectively,  are  much less  intensive  (b)  in 
comparison  with  short  wavelength  excitation  (288 nm,  (c)),  and 
emission (403 nm, (d)).
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the  polar  solutions  (►Fig. 6.7b).  If  dioxane  solution  is  excited  at  this  wavelength, 
remarkable blue emission may be observed (►Fig. 6.8d).
Reichardt  demonstrates  in  his  book  that 
spectrophotometric  parameters  depend  usually 
on the ionizing power of the solvent via linear 
relationship.  [REI03]  Wavelengths  of absorption 
and PL emission maxima, and maxima of molar 
absorptivity  and  PL emission  respectively,  are 
plotted  against  ET
N ,  the  normalized  Dimroth-
Reichardt  polarity  parameter,  in  ►Fig. 6.9.  One 
takes notice of the fact that the linearity of all the 
parameters  is  valid  only  for  alcohols.  This 
reflects  only  linearity  in  solvation  properties 
of series  of alcohols  since  ET
N  is  an  universal 
polarity  parameter,  which  represents  all 
important solvation parameters. However, linear 
relationships can’t hold for whole polarity scale 
because  COFL  doesn’t  dissolve  e. g.  in 
1,2-dichlorobenzene  ( ET
N  = 0.225)  but  it  is 
soluble  in  1,4-dioxane  ( ET
N  = 0.164),  hence, 
there is another mechanism for COFL interaction 
with  dioxane  than  only  based  on  the  polarity 
parameter.
The reason for pretty polar behavior of 1,4-dioxane, though ET
N  is low, lies in its large 
nonideal  quadrupolar  charge  distribution.  [KHA01]  Moreover,  cyclo-aliphatic  ethers  are 
directly in the center of COFL solute, especially in the enol-type form (►Sch. 6.3). We can 
take  solubility  of  COFL  in  1,4-dioxane  such  that  COFL  is  stacked  among  dioxane 
molecules  via  dominant  multipole  interactions  accompanied  by  hydrogen  bonding 
of hydroxyls and carboxyls.
On the other hand, hydrogen bonding plays a dominant role in solvation of pyridine 
which is known as pretty good hydrogen bond acceptor. Although pyridine is better solvent 
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Figure 6.9:  Dependence of absorption 
(a),  and PL emission (b)  respectively, 
parameters  on  Dimroth-Reichardt 
normalized  parameter  of  solvent 
polarity.  Here,  empty  squares 
represent wavelength (photon energy) 
values, and full circles represent molar 
absorptivity  and  PL  intensity, 
respectively. 
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for  COFL than  alcohols  PL emission  intensity  of  COFL in  pyridine  is  lower  than  in 
alcohols. This may be connected with acentric character of carboxyl hydrogen bonds which 
can form strong complexes with pyridine via carbonyl interaction with –N=CH– hydrogen. 
[VIS02]  Alcohols  dissolve  COFL thanks  to  their  polarity  which  take  effect  rather  on 
spectroscopic parameters. Nevertheless, both pyridine, and alcohols respectively, dissolve 
COFL thanks to hydrogen bonding predominantly. Therefore, we can expect COFL rather 
in carboxy-type tautomeric form in this case, and in enol-type form (less acidic) on the 
other hand when COFL is dissolved in 1,4-dioxane.
Taking into account tautomerism of COFL, it is not 
surprising  that  spectrophotometric  wavelengths 
(absorption, PL) don’t depend linearly on ET
N . Similarly, 
molar  absorptivity  on  ET
N  isn’t  linear  too.  In  contrast, 
only PL intensity (both excitation and emission) exhibits 
such linearity. However, simple comparison of intensities 
may  be  performed  only  for  PL  spectra  where  whole 
spectra  can  be  taken  (i. e.  they  begin,  and  end 
respectively,  with  zero  intensity  at  low,  and  high 
respectively,  wavelength).  Absorption  spectra  can’t  be 
acquired in whole due to wide absorption of COFL in UV 
which originates from proper hydrocarbons. Therefore, it is more suitable to plot peak area 
vs. ET
N  (see  ►Fig. 6.10). Then both dependencies of peak area (of molar absorptivity and 
PL emission intensity) on the polarity parameter can be regarded as linear according to 
common spectrophotometric relationships. [REI03]
§3.2 Carboxyfluorescein in nanotemplates
Carboxyl groups of COFL are very suitable for complexation with P4VP. However, its 
molecule is larger than HABA, ca. 1.5 times. Therefore COFL blends with BC should be 
prepared in lower blending ratio than HABA blends in order to achieve the same volume 
fraction of the minor  block.  In consequence,  three blending ratios  are  included in this 
study, 1 : 1, 1 : 2 and 1 : 3 (COFL : 4VP). One can pay attention namely to the ratio 1 : 2 
which  results  approximately in  the  same fraction of  the minor  block as  P4VP+HABA 
assembly.
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Figure  6.10:  Peak  area 
of UV-vis  absorption  (full  
squares)  and  PL  emission 
(empty  circles)  spectra 
of COFL  solutions  vs. 
Dimroth-Reichardt parameter.
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First  of  all,  we  shall  deal  with  1,4-dioxane  solution  of  the  BC  assembly  since 
1,4-dioxane  is  tried-and-tested  solvent  for  development  of  cylindrical  morphology. 
Chloroform is not suitable here due to poor solubility of COFL in it. Though, even dioxane 
isn’t good solvent because maximal solubility of COFL in it is less than 0.1 % w/v. On the 
other hand, boiling point of dioxane is pretty high (101÷102 °C) so that enough high for 
dissociation COFL dimers. Nevertheless 1.2 % w/v dioxane solution prepared from S34V3 
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Figure  6.11:  AFM topography (500 × 500 nm2) of 30 nm thin film assemblies of COFL 
and S34P3 in stoichiometric ratios (COFL : 4VP) 1 : 1 (a, b) and 1 : 2 (c, d), deposited 
from 1,4-dioxane. All films were rinsed with methanol, (a, c) were rinsed after dip-coating, 
and (b, d) were rinsed after additional vapor annealing in saturated vapors of 1,4-dioxane 
for 50 h and at 21 °C.
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and COFL has oleic appearance which can be almost eliminated upon further dilution and 
filtration.
Dip coating on Si(100) wafers at 1.0 mm/s results in ca. 30 nm smooth films. Selective 
rinse  of  COFL provides  enough  topography  contrast  in  order  to  visualize  thin  film 
morphology (►Fig. 6.11). Evidently it has character of perpendicular oriented cylinders just 
after deposition (►Fig. 6.11a,c), however, additional vapor annealing causes perforation in 
the  morphology  (►Fig. 6.11b,d).  Such  effect  is  characteristic  for  additives  with  opened 
carboxyl(s), i. e. such groups which are not intramolecularly bonded.
In  order  to  develop  enough  thick  films  (at  least  50 nm)  for  photoluminescent 
measurements, pyridine is better candidate because it dissolves all the components well. It 
has also intermediate boiling point (115 °C) unlike other solvents (DMSO, DMF etc.) so 
that it fits for both solution preparation, and deposition, respectively. There are six 2 % w/v 
pyridine solutions included in this PL study. The first threesome consists of stoichiometric 
ratios 1 : 1, 1 : 2 and 1 : 3 (COFL : 4VP) of COFL with P4VP homopolymer. The second 
threesome consists of COFL blends with diblock copolymers, in particular 1 : 1 and 1 : 2 
ratio with S34P3, and 1 : 3 ratio with S40P6. S40P6 diblock copolymer has been chosen 
for 1 : 3 ratio because of higher volume fraction of minor P4VP block which substitutes for 
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Figure  6.12:  UV-vis  absorption  (a),  PL excitation  (b),  and  PL emission  (c)  spectra 
of COFL blends with P4VP homopolymer in thin films: 1 : 1 (solid), 1 : 2 (dash), and 1 : 3 
(dot).  Excitation  spectra  were  acquired  at  emission  wavelength  565 nm,  excitation 
wavelength for emission spectra was 430 nm. 15 nm slits has been used.
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lack of additive to some extent. Films are dip-coated on both sides of fused silica slides in 
thickness of about 25 nm (× 2) in case of P4VP blends and 50 nm (× 2) in case of BC 
blends.
Blending ratio  has  a  strong effect  on spectrophotometric  properties  of  these films. 
While absorption coefficient rises with increasing amount of COFL in P4VP (►Fig. 6.12a), 
an  opposite  tendency  holds  for  PL  intensity  (►Fig. 6.12b,c).  This  reflects  a fact  that 
formation  of  chromophores  dimers  (oligomers)  tends  to  non-radiative  crossovers. 
Nevertheless, P4VP can act as powerful ligand as well for COFL as known for metals. 
[VYP98] Although the highest PL intensity in metal complexes occurs at large excess of the 
ligand (like 1 : 17), COFL blends are studied at much higher ratios due to the preparation 
procedure and therefore both ligand effect, and dimer quenching respectively, play a role.
Differences among the stoichiometric  ratios  are  more  distinguishable  in  absorption 
coefficient  of  COFL blends  with  BC  (►Fig. 6.13a),  and  less  pronounced  in  their  PL 
intensities respectively (►Fig. 6.13b,c), in contrast to the homopolymer blends. In fact, one 
has to put their  maxima in mutual  relation.  First  correlation between molar absorption 
maxima (MAM) and stoichiometric ratio (SR) of 4VP is 2.1 : 1.6 : 1 (MAM) vs. 1 : 2 : 3 
(SR) in homopolymer blends (►Fig. 6.12a),  and 6.3 : 2.0 : 1 (MAM) vs. 1 : 2 : 3 (SR) in 
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Figure  6.13:  UV-vis  absorption  (a),  PL excitation  (b),  and  PL emission  (c)  spectra 
of COFL blends with PS-P4VP block copolymer  in thin films: 1 : 1 (solid), 1 : 2 (dash), 
and  1 : 3  (dot).  Excitation  spectra  were  acquired  at  emission  wavelength  565 nm, 
excitation wavelength for emission spectra was 430 nm. 15 nm slits has been used.
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block copolymer blends (►Fig. 6.13a), respectively. That means there is rather an exception 
of COFL 1 : 1 blend with block copolymer. Homopolymer blends demonstrate an effect 
of blending ratio on aggregation of COFL in the films. Due to lower concentration of the 
additive in blend, almost no difference in the PL spectra is observed between ratios 1 : 2 
and 1 : 3 because aggregates  don’t  contribute  to photoluminescence (►Fig. 6.12b,c).  The 
blends are enough diluted in COFL component at the ratio 1 : 3.
Finally  PL spectra  of  homopolymer  blend,  and  various  states  of  block  copolymer 
blends respectively,  are compared in  ►Fig. 6.14.  There are no differences among shapes 
of the spectra; all thin films emits green-yellow because carboxy-type tautomer of COFL is 
formed as observed in presence of pyridine solvent as P4VP polymer. The only differences 
occurs in intensity since density and distribution of [COFL : 4VP] complexes vary among 
the films.  The most  emissive is  homopolymer blend,  evidently,  because of  the highest 
density  of  the  complexes  (►Fig. 6.14a)  as  a  consequence  of  homogeneous  distribution, 
unlike BC blends where major PS block fills 80 % of volume. Actually this takes effect on 
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Figure  6.14:  UV-Vis  absorption  (a),  PL excitation  (b),  and  PL emission  (c)  spectra 
of COFL  blends  with  P4VP  homopolymer  (dash),  and  PS-P4VP  block  copolymer 
respectively, in thin films in dependence on vapor annealing (solid: no annealing,  dot: 
annealing in dioxane,  dash-dot:  annealing in chloroform).  The most emissive  blends 
1 : 3 (COFL : 4VP)  are  taken  for  comparison.  Excitation  spectra  were  acquired  at 
emission wavelength 565 nm, excitation wavelength for emission spectra was 430 nm. 
15 nm slits has been used.
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molar  absorptivity  which  makes  about  18 %  for  BC  blends  in  comparison  with 
homopolymer blend.
Comparing the magnitudes relative to homopolymer blend, PL intensity makes 67 % 
for BC blend without annealing, and ca. 33 % for BC with annealing, respectively. In other 
words,  this  ratio  is  enhanced  3.6 times  in  case  of  BC  blend  without  annealing,  and 
2.5 times in case of BC blend with annealing, respectively, relative to molar absorptivity. 
Since differences appear even among BC blends depending on vapor annealing we dare to 
assign the observed enhancement to morphology effects.
In  order  to  compare  stoichiometric  and 
morphology effects,  PL efficiency plots  are  rather 
convenient.  ►Fig. 6.15 summarizes  PL  efficiency 
calculated  using  PL emission  maxima as  function 
of stoichiometry (symbols) and morphology (bars in 
the  inset).  One  can  see  that  PL efficiency  drops 
more  dramatically  with  increasing  COFL 
stoichiometry in homopolymer blends than in BC 
blends. Less drop in BC blends is counterbalanced 
just  by  their  higher  order.  This  assumption 
of correlation of PL efficiency with structural order 
is  substantiated  thanks  to  the  other  dependence 
of PL efficiency  on  morphology (bars).  Assuming 
the  highest  order  in  BC  blend  after  dioxane 
annealing  and  the  lowest  order  in  homopolymer 
blend, PL efficiency drops almost twice at the same 
stoichiometry (1 : 3).
But process of formation of thin film from pyridine 
solution of BC blend is more complicated than in 
case  of  1,4-dioxane.  Although  pyridine  is  good 
solvent for all the components (so non-selective) it 
is more basic than P4VP block. That means stronger 
interaction between COFL and pyridine solvent inheres in hydrogen bonding with P4VP 
block  in  solution.  Complexation  occurs  rather  during  deposition  when  stability 
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Figure  6.15:  Comparison  of  PL 
emission efficiency  among various 
sorts  of  COFL blends.  The   inset 
summarizes  the  most  efficient 
blends  of  molar  ratio  1 : 3 
(COFL : 4VP), which are compared 
as a function of the annealing state 
(the  upper  axis;  BCn  is  BC blend 
with no annealing, BCd is BC blend 
annealed in 1,4-dioxane, BCc is BC 
blend  annealed  in  chloroform, 
P4VP represents blend with P4VP 
homopolymer).  The symbols  show 
dependencies  of  PL  efficiency  of 
BC  blend  (squares),  and  P4VP 
blend  (circles)  respectively,  on 
molar  ratio  x between  COFL and 
4VP  monomer  unit  of  BC,  and 
P4VP respectively.
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of [pyridine : COFL]  complex  is  disrupted  by  evaporation  of  pyridine.  Generally  it  is 
possible that high rate of COFL would aggregate in PS block. Therefore it is important to 
visualize also morphologies of thin films used for photoluminescent measurements.
►Fig. 6.16 demonstrates  topographies  of  rinsed BC blends and homopolymer blend. 
Evidently porosity decreases with lower content of COFL in BC blends (►Fig. 6.16f,e,c). On 
the other hand, lower COFL content results in higher granularity of the surface upon COFL 
washing (►Fig. 6.16c). This might be caused by following mechanism. In 1 : 1 blend, there 
is so much COFL in pores that they can interact among each other. Since carboxyls are the 
most interacting groups of COFL they are mostly consumed for this oligomerization. Then 
the  shell  of  this  oligomer  consist  of  weaker-reactive  hydroxyls  which  forms hydrogen 
bonding with P4VP block. On the other hand, there is so low concentration of COFL in 
1 : 3 blend that COFL molecules can be well dispersed among P4VP. Then both carboxyls, 
and hydroxyl respectively, may be used for complexation with P4VP. That means COFL 
interaction  with  P4VP  is  stronger  in  1 : 3  blend  than  in  1 : 1 blend  and  so  surface 
of 1 : 3 blend looks more damaged (more granular) than of 1 : 1 blend upon washing with 
methanol.
However, this granularity is specific for dioxane vapor annealing. Blends, which are 
not annealed or annealed in chloroform, provide lower degree of granularity. Again the 
reason for that comes from specific deposition from pyridine. As was mentioned above, 
COFL rather  interacts  with  pyridine  solvent  than  with  P4VP block  in  solution.  This 
accounts  for  all  binding  groups,  carboxyls  and  hydroxyls,  respectively.  During  drying 
(shrinkage) of the film, stability of pyridine-hydroxyl interaction is disrupted first and so 
hydroxyls are available for bonding with P4VP formerly than carboxyls. Therefore weaker 
P4VP-hydroxyl  interaction  is  preferential  upon  deposition  while  carboxyls  probable 
coordinate with single pyridines still.  If such film is  annealed in vapors of solvent for 
sufficient  time,  solvent  molecules  affect  COFL-P4VP,  as  well  as  COFL-pyridine 
interaction respectively, depending on solvation power of solvent. Since chloroform is poor 
solvent for COFL it doesn’t affect these interactions and only swells block copolymer. This 
is not case of 1,4-dioxane, which dissolves COFL and can substitute both pyridine, and 
P4VP respectively, around COFL molecule.
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Figure  6.16:  AFM topography (500 × 500 nm2) of COFL blends: (a) with BC without 
annealing (ratio 1 : 3), (b) with P4VP (1 : 3), (c) with BC annealed in dioxane (1 : 3), 
(d) with BC annealed in chloroform (1 : 3), (e) with BC annealed in dioxane (1 : 2), (f) 
with BC annealed in dioxane (1 : 1). 
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However during shrinkage, when partial pressure of dioxane drops rapidly in the film, 
dioxane molecules escape the film and COFL is exposed for interaction with P4VP and 
another  COFL molecules.  The  reason  why  this  doesn’t  occur  during  shrinkage  from 
pyridine solution lies in strength of interaction between COFL and solvent (and P4VP) 
evidently. Pyridine is stronger base than P4VP indeed unlike 1,4-dioxane and so more than 
chloroform.  Basicity  scale  of  solvents  may  be  adopted  e. g.  from  Kamlet  et  al.: 
βpyridine = 0.64, βdioxane = 0.37, and βchloroform = 0.00. [KAM76, ABB99]
6.B.b Azobenzenes and Schiff bases
Azobenzenes and Schiff bases are molecules which are similar to  ortho-HABA by 
their  structure.  Since  “the  core”  of  the  molecules  is  the  same  one  can  study  effect 
of functional groups on formation of the nanotemplates. This includes position isomerism 
as well as various steric and electronic effects.
§1 Azobenzenes
Several  azobenzenes  are  included  in  the  study (►Sch. 6.4).  4-(4-hydroxyphenylazo) 
benzoic acid (para-HABA) is a positional isomer of ortho-HABA with carboxyl group in 
para position. This is valuable because one can study relations between intramolecularly 
bonded carboxyl in ortho-HABA and “free” carboxyl in para-HABA. Such free carboxyl 
may be further compared with 4-(phenylazo)benzoic acid (PHABA) with missing hydroxyl 
at opposite side. Steric effects may be demonstrated on other azobenzenes dyes like e. g. 
Disperse Red 1 (DR01) or Disperse Red 19 (DR19).
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Scheme  6.4:  Azobenzenes under  study:  (a)  2-(4-hydroxyphenylazo)benzoic  acid,  (b) 
4-(4-hydroxyphenylazo)benzoic acid, (c) 4-(phenylazo)benzoic acid, (d) Disperse red 1, 
and (e) Disperse red 19.
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Figure  6.17:  AFM topography (500 × 500 nm2)  of  various azobenzenes in thin film 
assemblies with PS-b-P4VP block copolymers:  para-HABA + S34P3 dip-coated from 
1 % w/v solution  in  1,4-dioxane  before  (a)  and  after  60 hours  annealing  under 
1,4-dioxane vapors (b); PHABA + S34P3 (c), DR01 + S36P4 (d) and DR19 + S36P4 
(e)  dip-coated  from  1 % w/v solutions  in  toluene  and  annealed  10 min  under  full 
saturated toluene.
Pores in the assemblies of PHABA (c), DR01 (d) and DR19 (e) are highlighted using 
the  flooding procedure (f-h)  in  order  to  visualize the  lateral  order  and defects.  All 
solutions  consist  of  BC  and  the  additive  blended  in  stoichiometric  ratio  1 : 1 
(LMA : 4VP). All the films were rinsed in methanol for higher topography contrast.
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The first difference among these azobenzenes is in their solubility. While ortho-HABA 
is well soluble in 1,4-dioxane, maximal solubility of para-HABA is at the limit of 1 % w/v, 
and  the  order  follows  by  PHABA (poorly  soluble,  ca. 0.05 % w/v),  DR01,  and  DR19 
(practically insoluble) respectively. PHABA and  para-HABA form strong dimers due to 
“free carboxyl”, moreover, PHABA, DR01, and DR19 are quite electrostatic. All, there are 
well soluble in pyridine.
Solubility reflects in morphology of thin films of azobenzenes in the assembly with 
BC.  Macroscopically  clean  films  may  be  prepared  from  a  dioxane  solution 
of para-HABA + S34P3, similarly to ortho-HABA films. However, para-HABA films are 
more rough and the topography reveals mixed morphology, including both perpendicular-
like,  and  parallel-like,  respectively  (►Fig. 6.17a).  The  perforated  morphology  lies  in 
imperfect hydrogen bonding; indeed, refractive index upon washing was 1.56 so that only 
a part of para-HABA assembles with the block copolymer. Strong dimerization may play 
a role during vapor annealing, since long exposure to solvent vapors enhances perforation 
of the morphology (►Fig. 6.17b).
When PHABA assembly is deposited from dioxane, it largely crystallizes in the film. 
A series of vapor annealing experiments indicated (using the dioxane solution of PHABA 
assembly)  that  the  most  suitable  solvent  was  toluene  in  light  of  surface  topography. 
Therefore, PHABA was blended with S34P3 directly in toluene and annealed in the same 
thereafter. Such approach results in macroscopically clean films with nice hexagonal order 
(►Fig. 6.17c,f).
Since disperse reds are practically insoluble in 1,4-dioxane, toluene was also used for 
their solutions. Topographies of their surfaces are quite similar to the PHABA assembly, 
none the less,  they seems more defect (►Fig. 6.17d,e,g,h).  An interesting point of all the 
assemblies of PHABA, DR01, and DR19 respectively, is that their topographies don’t vary 
whether vapor annealing is performed or not. But refractive index upon washing, which is 
around 1.58 for all these films, clearly indicates that only spheres form on the top of the 
films. Actually it shows itself just in the shape of pores which appear rather triangular than 
circular (►Fig. 6.17c-h).
Therefore,  PHABA  thin  film  has  been  chosen  for  reflectometry  study  as  the 
representative of these azobenzenes (►Fig. 6.18). Scan taken for 17 hours reveals a curve 
similar  to  those  of  the  PyM  assembly  (►Fig. 6.3).  However,  the  corresponding  profile 
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proves higher rate of the porous layer in the film (about 22 %) than the PyM assembly 
(9 %). Nevertheless, electron density of the PHABA assembly is lower in “the non-porous 
layer” (8.4 × 10-6 Å-2) than electron density of the PyM assembly (9.6 × 10-6 Å-2). Therefore 
one may expect also some voids within this layer upon washing PHABA out of the film.
Optical switching (photoswitching) is the principal functionality of azobenzenes. That 
is especially advantageous when azobenzene is separated in pores which are highly ordered 
over the surface. If not there is still an advantage of separation in isolated caves which 
specifies certain quantum of azobenzene over particular nanoarea. Moreover, if the caves 
are long enough they may serve as waveguides thanks to dissimilarity in refractive index 
of azobenzene and BC. When these caves are accessed along a track of concentric circle, 
distance between them is more “random” than in case of ideal order, however, number 
of accessible caves is decreased only by number of defect caves.
Basic requirements in light of material insist on the rate of trans-cis switching as well as 
switching dynamics.  ►Fig. 6.19 demonstrates photoinduced isomerization from trans to  cis 
of PHABA in the nanotemplate dip-coated on a fused silica slide. The bleaching, which 
occurs  at  331 nm,  was  induced  by  illumination  at  365 nm  by  power  3.2 mW/cm2 
(►Fig. 6.19a). The last spectrum was acquired after 5 min of illumination. The best fit to the 
first order kinetics equation gives isomerization rate constant value of 6 × 10-3 s-1 at the 
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Figure  6.18:  X-ray reflectivity  curve  with  a  corresponding depth  profile  (in  the inset) 
of PHABA thin film assembly with S34P3, dip-coated and annealed (10 min) in toluene 
and rinsed with methanol.
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illumination conditions (►Fig. 6.19b). Such value is characteristic for both side-chain and 
main-chain azobenzene modified polymers. [IZU01, SID02]
§2 Schiff  bases
Some of the benzylidene compounds are similar to  ortho-HABA by their structure, 
since the mere replacement of one or both nitrogen atoms in azobenzenes by CH group 
doesn’t modify of their molar mass. That’s why such compounds are valuable in evaluation 
of electronic and steric effects in more complex systems. [FIL05, JOS02, DZI01, HER01] In 
general,  they  are  also  important  dyes  (as  azobenzenes)  and  even  fluorescent  probes 
although their quantum efficiency is usually low. [DER07, FIT06, CHA04]
Comparing with ortho-HABA, there are several Schiff bases available which suits by their 
deployment of bonding groups (►Sch. 6.5). Nevertheless, we haven’t found any equivalents 
to ortho- or para-HABA. Anyhow both Schiff bases provide an interesting confrontation 
with the HABA derivatives. 
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Figure 6.19: Photoisomerization of PHABA in 50 nm thin nanotemplate with S34P3 
block  copolymer.  A survey spectrum demonstrates  characteristic  bleaching upon 
illumination at 365 nm (a) whose main peak (331 nm) decays exponentially (b). The 
minimum upon photoswitching corresponds to absorbance of the BC nanotemplate 
after rinsing of PHABA.
Scheme 6.5:  Schiff bases under study: (a) N-(4-methoxybenzylidene)anthranilic 
acid (MBAA) and (b) 4-((2,4-dihydroxy-benzylidene)-amino)-benzoic acid (DABA). 
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When they are blended and deposited with the block copolymer in usual way, they 
provide  macroscopically  clean  films  as  ortho-HABA.  Nevertheless,  MBAA assembly 
forms  slightly  anomalous  terraces  unlike  those  of  ortho-HABA,  regardless  on  vapor 
annealing (►Fig. 6.20). This may origin in agglomeration of MBAA at certain areas below 
the film. We have shown in ►Chapter 4 similarly how it tends to accumulation of polymer 
in  films  reinforced by chromium,  when we tried  to  rinse  polymer  matrix.  Thereupon, 
refractive index of MBAA thin film assembly upon rinsing is around 1.54, hence, we may 
expect ca. 50 % rate of assembly over the vertical profile of the film. The agglomerates 
were not observed in thin film assemblies of DABA, however,  neither regular terraces 
appear  in  these  assemblies.  Also  refractive  index  of  DABA assemblies  was  higher, 
of about 1.57, indicating poor complexation of DABA with P4VP. Again we justify it by 
strong dimerization of DABA, due to its “opened” carboxylic group.
Strength  of  the  carboxylic  group  takes  crucial  effect  in  formation  of  thin  film 
assembly. When the film is deposited and rinsed, we don’t observe significant difference in 
the surface topography between the weakened carboxylic group of MBAA (►Fig. 6.21a) and 
the opened carboxylic group of DABA (►Fig. 6.21b). The radical change occurs after slow 
vapor annealing in 1,4-dioxane. While such annealing largely improves lateral order in the 
MBAA  assembly  (►Fig. 6.21c)  it  causes  displacement  of  the  assembly  of  DABA 
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Figure 6.20: AFM topography (7.5 × 7.5 μm2, a) and (2 × 2 μm2, b) of “terraces” of MBAA 
thin film assembly with S36P4 block copolymer. The agglomerates level the surface up to 
8 nm (see the height profile taken along marked line in the inset of (a)).
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(►Fig. 6.21d). Displacements in the assembly after annealing in dioxane was observed also 
by other LMA with the opened carboxylic group (e. g. para-HABA, PHABA, COFL).
6.C Post-functionalization
Due  to  complications  at  direct  blending  of  the  block  copolymer  with  LMA,  it  is 
desirable  to  find  another  mechanism of  functionalization.  Since  ortho-HABA provides 
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Figure 6.21: AFM topography (500 × 500 nm2) of 35 nm thick nanotemplates developed 
via  self-assembly  of  MBAA (a, b)  and  DABA (c, d)  Schiff  bases  with  S36P4  block 
copolymer  (ratio  1 : 1  –  LMA : 4VP).  All  the  films  were  dip-coated  from  0.8 % w/v 
solutions in 1,4-dioxane. Two films are compared: without annealing (a, c) and after 65 h 
vapor  annealing  in  1,4-dioxane  (b, d).  All  the  films  are  rinsed  with  methanol  prior 
scanning in order to increase the topography contrast.
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good enough nanotemplates one may utilize their reactivity for impregnation by a host 
material  with  physical  functionality  (►Fig. 6.22).  Such  post-functionalization  may  be 
performed e. g. via physical vapor deposition (see  ►Chapter 4 for magnetron sputtering), 
electrodeposition, [TOK04] or some impregnation with organic LMA. The latter one is the 
matter of interest below.
6.C.a PHABA soaking
The  reactive  porous  nanotemplate,  developed  via  ortho-HABA self-assembly  with 
S36P4 block copolymer, may be immersed in diluted solution of LMA for several minutes 
in order to diffuse LMA into it. Even diluted solutions of about 0.01 % w/v are adequate 
because only a little additive is required for soaking and 
moreover, one can avoid aggregation of LMA in such way. 
However, the process is rather limited by solvent. First the 
porous  nanotemplate  is  stable  rather  in  polar  solvents 
which  are  used  for  rinse  of  LMA though.  Less  polar 
solvents  may  not  dissolve  LMA and  rather  dissolve  or 
irritate the PS matrix.
Here, some attempts with PHABA are discussed. The 
porous  nanotemplate  was  soaked  in  filtered  0.01 % w/v 
acetonitrile  solution  of  PHABA for  2 min  and  shortly 
(2 seconds) rinsed in acetonitrile upon soaking in order to 
remove agglomerates on the surface. Acetonitrile doesn’t 
dissolve  S36P4  block  copolymer  in  the  bulk  and  even 
doesn’t  swell  the nanotemplate.  Evidently,  such soaking 
tends to impregnation of the nanotemplate with PHABA 
practically with no change in its thickness (►Fig. 6.23a). None the less, subsequent rinsing 
of PHABA with methanol reveals quite high irritation of the surface (►Fig. 6.23b). Neither 
further shortening of the soaking period nor concentration of the solution improves the 
pattern because the surface is irritated just by acetonitrile.
Irritation of the surface by acetonitrile may be reduced using binary solutions of lower 
fraction of acetonitrile and higher of hexane. PHABA doesn’t dissolve in hexane though so 
that the highest functional rate of acetonitrile vs. hexane was ca. 1 : 9. Soaking via such 
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Figure  6.22:  Schematics 
of impregnation  procedures 
(soaking, spin coating) of thin 
films  with  LMA  (post-
functionalization). 
Thin film assemblies of PS-P4VP with low-molar-mass additives
binary solution improved a bit appearance of the nanotemplate (including lateral order) but 
the loading rate, acquired from UV-Vis spectrometry, was reduced at least 8 times.
The  other  solvents  are  also  not  suitable  for  soaking  due  to  their  Flory-Huggins 
interaction parameter with polystyrene (►Tab. 6.4). According to the table the only suitable 
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Figure  6.23:  Soaking of PHABA into a porous nanotemplate via 0.01 % v/w acetonitrile 
solution.  UV-Vis  spectrometry  (a)  reveals  that  the  porous  nanotemplate  is  evidently 
loaded by PHABA upon the soaking procedure (331 nm is peak absorption maximum of 
PHABA).  Nevertheless  soaking  irritates  the  nanotemplate  as  visualized  by  AFM 
(500 × 500 nm2)  upon  subsequent  washing  with  methanol  (b).  Damage  of  the 
nanotemplates takes also effect in UV-Vis, since the spectrum of the porous nanotemplate 
varies if soaking was applied. Then second soaking results in lower content of PHABA in 
the film.
Solvent χ (φsolvent→1) Characteristics
Toluene 0.67−0.04
1,4-Dioxane 0.95−0.42
Pyridine 1.02−0.23
Good solvents
Acetone 1.30−0.56 Non-solvent in bulk, removes thin films
Acetonitrile 2.02−0.93 Non-solvent in bulk, irritates the nanotemplate
Methanol 2.19−0.44
Acetic acid 3.00−2.15
Washing effect, very low loading 
rate,aggregates on surface
Water 4.40−3.10 Generally non-solvent for PHABA
Table  6.4: Polystyrene-solvent  interaction  parameter  χ (MPS = 20 000, 
determined using inverse gas chromatography at T = 162−229 °C). [BRA99]
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solvents for soaking of the porous nanotemplate are alcohols and water. PHABA is well 
soluble  in  alcohols  but  these  solutions  provide  very  low  loading  rates  and  cause 
aggregation of PHABA on the surface. Neutral water doesn’t dissolve it, only very basic 
(pH > 10) solutions may be prepared. Such solutions evoke peeling of the nanotemplate 
(see ►Chapter 3). For the further work, fluorescein derivatives may be suitable candidates 
for soaking via aqueous solutions.
6.C.b Rhodamine 6G in cross-linked nanotemplates
Rhodamine 6G (►Sch. 6.6) is a laser dye with very popular optoelectronic application 
thanks to nearly absolute quantum yield in ethanol, and solubility in both polar, and non-
polar  media,  respectively.  However,  when 
incorporated  in  polymer,  it  has  lower  PL 
emission intensity than in a solid-state device. 
Reisfeld  et al. demonstrate how PL decreases 
in  films  deposited  from chloroform solution 
of PMMA and R6G during drying. [REI88]
Most  of  solid-state  devices  is  made  via 
sol-gel  technique.  For  instance,  Hungerford 
et al. compare fluorescent behavior of bulk and thin film tetraethylorthosilicate (TEOS) 
sol-gel  derived  matrices,  including  dependence  on  R6G  concentration.  [HUN99]  They 
concluded that R6G is mainly adsorbed to the dry pore surface in the thin films, which 
were  more  porous  than  bulk  matrices,  of  average  diameter  about  2 nm.  Increasing 
concentration  of  R6G  in  sol-gel  thin  films  resulted  in  characteristic  red-shift.  For 
encapsulation  of  the  dye,  polarity  of  the  molecule  plays  a  crucial  role  as  shown  by 
Gilliland et al. [GIL05] In their study, R6G was found to be well immobilized when TEOS 
sol-gel thin film immersed in either water, or ethanol, respectively, unlike other rhodamine 
derivatives. When R6G is loaded into mesoporous silica (of the diameter 5.4 nm) with 
ethanol  solution,  PL  emission  is  blue-shifted  (ca. 10 nm)  in  comparison  with  those 
of synthesized  R6G-SiO2 hybrids,  as  an  effect  of  hydrogen  bonding.  [ANE05] 
García-Moreno  et al. extended  the  sol-gel  approach  to  new  organic-inorganic  matrices 
of P(HEMA-co-MMA)  and  methyltrietoxysilane  (TRIEOS)  which  provide  pretty  high 
lasing efficiencies and stability. [G-M05] Another organic-inorganic hybrids may consists 
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Scheme 6.6: Rhodamine 6G.
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of R6G (acceptor)  and Tb complex (donor),  both incorporated in a  silicate framework. 
[MIN05]
Available  matrix  for  R6G  impregnation  arises  also  upon  electrochemical  etching 
of silicon substrates in HF / C2H5OH / H2O solution, which results in pores of 3−10 nm in 
diameter. [ELH01] Moreover, oxidation of silicon upon etching increases PL intensity of the 
impregnated device as a consequence of higher chemical compatibility with oxygen, and 
probably, higher humidity of the oxidized porous silicon samples. Larger pores of silica 
tend to better loading of the dye in them though but less luminescence is observed because 
of lower rigidity of the dye in the pores. [V-F00] Likewise to sol-gel, Nafion membranes, 
namely Nafion Na+, appear as a photostable host material for R6G. [DES96] R6G was also 
useful for characterization of PEO-b-PMA nanoaggregates. [LIY04] Finally, Wirnsberger 
et al. deal with ABA type of BC surfactants (PEO-PPO-PEO) as precursors for an acidic 
sol-gel route patterning R6G in waveguides. [WIR01]
Although Rhodamine 6G is not suitable for hydrogen bonding, it may be incorporated 
in PS-P4VP nanotemplates yet. Namely, when such nanotemplate is rinsed in methanol and 
irradiated under UV (see  ►Section 2.B.c or [SUN06]),  it  may be transformed in a porous 
cross-linked  host  medium  which  is  available  for  impregnation  by  a  dye  (►Fig. 6.22). 
Impregnation  may  be  performed  either  via  simple  soaking,  or  spin/dip  coating, 
respectively. In principle, spin/dip coating represents a special kind of soaking when the 
thin  film is  wetted  by dye  solution only for  short  time (in  order  of  tens  of  seconds), 
however, with additional control parameters, like acceleration and speed of coating. R6G 
was  found  as  more  suitable  dye  for  these  procedures  unlike  COFL  which  hugely 
crystallized  on the  surface  upon drying  of  the  film.  This  can be  attributed just  to  the 
amphiphilic nature of R6G unlike the polar molecule of COFL.
§1 Soaking of  Rhodamine 6G
Proper soaking is very much dependent on the solvent properties. ►Fig. 6.24 compares 
spectroscopic  behavior  of  cross-linked  BC  nanotemplates  and  PS  films,  soaked  for 
15 hours either in 0.01 % w/v solution of R6G in 1,4-dioxane, or in 0.01 % w/v solution 
of R6G in  methanol,  respectively.  Evidently,  nanotemplate  is  much  more  impregnated 
using non-polar dioxane than polar methanol (►Fig. 6.24a-c). This is not surprising because 
UV irradiation transforms block copolymer mostly in aliphatic hydrocarbons (non-polar) 
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so that hydrophobic interaction of nanotemplate with R6G gains ground over solvent-R6G 
interaction rather in case of dioxane, than methanol, solution.
Nevertheless, there is huge difference between the impregnated nanotemplate and the 
PS standard, especially in case of dioxane. Absorption spectra (►Fig. 6.24a) indicate that 
just the nanotemplate loaded from dioxane can saturate with the highest amount of R6G.
124
Figure  6.24:  UV-Vis  absorption  (a),  PL excitation  (b),  and  PL emission  (c)  spectra 
of R6G soaked (for 15 h) in cross-linked BC nanotemplate, and PS homopolymer thin 
films,  respectively.  Soaking  has  been performed  in  non-polar  1,4-dioxane,  and  polar 
methanol,  respectively.  Corresponding  plots  of  normalized  UV-Vis  absorption  (d),  PL 
excitation (e), and PL emission (f) demonstrate influence of solvent on shifts, and shape 
differences between BC nanotemplate and PS homopolymer thin films, respectively. Both 
excitation spectra,  and emission spectra respectively,  has been taken at wavelengths 
of maxima of emission, and excitation respectively. 15 nm slits has been used.
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Moreover,  one  can  compare  absorption  and  PL intensity  rates  in  order  to  judge 
efficiency  of  the  soaking  procedures.  “Magic square”-like  diagrams  are  depicted  in 
►Fig. 6.25.  Each  corner  is  represented  by  a  certain  sample  (BCd,  PSd,  BCm,  PSm), 
depending  on  porosity  and  solvent  used  for  impregnation.  Arrows  around  the  squares 
indicate growing absorption coefficient, or PL intensity, respectively. Numbers associated 
with  these  arrows  express  ratios  of  the  spectroscopic  quantity  between  two  samples. 
Magnitudes of absorption coefficient and PL intensity are gradually depicted by saturation 
of the circles in corners, where the darkest circle is associated with highest absorption or 
intensity.
If one compares both diagrams, these multiples 
are related to PL efficiency which is noted by gray-
text at the corners of the bottom square, in percents, 
relative  to  the  most  efficient  polystyrene  film 
impregnated using methanol. The absolute quantum 
yield measurements are not included in this survey 
study. Nevertheless, relative PL efficiency provides 
a basic scheme about R6G aggregates in the films. 
Aggregation  of R6G  quenches  its  fluorescence, 
which  also  depends  on  the  form  of  the  dimers, 
either parallel (H-dimers) or head-to-tail (J-dimers), 
respectively. [V-A89]
Quenching of R6G fluorescence at the surface 
or  in  thin  films  has  been  reported  by  several 
authors.  For  instance,  Levy’s  group  applied  the 
exciton theory for estimation of   adsorption angles 
of Rhodamine molecules on the porous silica gel 
finding the critical adsorption angle of about 54.7 ° 
(from the plane).  [DLM00] If the adsorption angle 
overcomes 54.7 °, R6G aggregates in non-fluorescent H-dimers. Configuration of the dye 
at the surface may be visualized using high-resolution in situ STM when the surface is 
enough flat. Analysis of characteristic lattice parameters showed that „flat-on“ adsorption 
of Rhodamine B  at  Au(111)  is  more  reasonable  than  „end-on“  and  „edge-on“ 
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Figure  6.25:  UV-Vis  absorption 
coefficient  (top)  and  PL  emission 
intensity  (bottom)  rates  of  R6G 
soaked  (for  15 h)  in  cross-linked 
nanotemplate (BC) and polystyrene 
(PS) thin films, either from dioxane 
(d), or methanol (m), respectively.
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configurations.  [SUG04]  However,  dimerization  takes  effect  in  the  shape  of  both 
absorption, or PL respectively, spectra by splitting around the monomer band. Such effect 
was reported in various host  materials,  like TEOS, [INN96]  microporous liquid crystals 
(AIPO4-5), [GHA01] and layered silicates (saponite and fluorohectorite). [BUJ05] Although 
absorption bands depend on the host material, deconvolution of absorption spectra results 
in  characteristic  bands  around 530 nm for  R6G monomers,  500 nm for  H-dimers,  and 
540 nm for  J-dimers,  respectively.  H-dimers  absorb  at  the  lowest  energy  due  to  their 
highest energy. [DLM00]
Normalized  spectra  of  the  films  included  in  the  present  study  are  depicted  in 
►Fig. 6.24d-f.  There  is  clear  evidence  for  dimerization  from  dioxane  solution  in  the 
normalized  absorption  spectra  (►Fig. 6.24d).  Therefore,  PL  efficiency  of  samples 
impregnated from dioxane is lower than of those from methanol (►Fig. 6.25). Moreover, PL 
spectra of PS impregnated from dioxane are splitted unlike the others. Therefore H-dimers 
predominate chiefly over monomers in PS film impregnated from dioxane which result in 
6 %  efficiency  relative  to  PS  film  impregnated  from  methanol.  In  the  nanotemplate 
impregnated  from  dioxane,  the  rate  of  H-dimers  is  much  lower  so  that  its  emission 
spectrum is pretty broad indeed but simple unlike the PS reference (►Fig. 6.24f). Methanol 
loaded films are less concentrated than dioxane loaded, therefore, there are blue-shifted in 
their PL emission. [DLM00] Negligible amount of dimers in the films impregnated from 
methanol  is  the  cause  for  their  higher  PL efficiency  (►Fig. 6.25).  Difference  in  R6G 
concentration in these films takes also effect in their PL emission spectra (►Fig. 6.24f) as 
a little  shift.  Despite  of  decrease  of  PL efficiency,  the  nanotemplate  impregnated from 
dioxane retains higher absolute fluorescence than those films impregnated from methanol 
(►Fig. 6.24c).
§2 Spin-coating of  Rhodamine 6G
Soaking represents a diffusion way of loading, where equilibrium is achieved namely 
by competition of the host film and solvent in the interaction with the dye. In contrary, spin 
coating includes more parameters since centrifugal force, and so enhanced evaporation, 
may predominate over the dye interactions with the film and solvent. When 0.01 % w/v 
solution  of  R6G  in  dioxane  used,  rather  lower  acceleration  and  speed  provide  more 
impregnated films, as expected. Spectra of the films, impregnated via spin coating using 
acceleration  1000 rpm/s  and speed  800 rpm for  30 s,  are  depicted  in  ►Fig. 6.26.  If  one 
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compare absorption coefficient, R6G is mostly absorbed by P4VP successor (►Fig. 6.26a). 
However, fluorescence of R6G spin-coated on the nanotemplate exceeds those coated on 
homopolymer  films  (►Fig. 6.26b,c).  This  might  be  accounted  for  higher  H-dimerization 
in/on homopolymer films like in case of soaked films, but, is it the only reason for higher 
fluorescence in nanotemplates than homopolymers?
Therefore, it is important to discuss fluorescent spectra in dependence on thickness 
of the  nanotemplates.  Evidently,  absorption coefficient  is  decreasing with the  thickness 
(►Fig. 6.27a). This may reflect the fact that most of the dye is centrifuged from the film and 
time for impregnation is too short in order to interfuse so well as in case of soaking. As 
consequence,  almost the same amount of R6G is absorbed in the nanotemplate despite 
of its  thickness.  That’s  why,  all  the  samples  excite  in  more  or  less  the  same  extent 
(►Fig. 6.27b). This doesn’t hold for emission (►Fig. 6.27c) which is enhancing with higher 
thickness  of  the  nanotemplate.  Since  there  are  no  changes  in  shapes  of  the  emission 
spectra, anisotropy may be considered as the cause for the enhancement.
Growing anisotropy leads to higher PL efficiency (►Fig. 6.28) due to possible wave-
guiding.  [WIR01]  Besides  good  dispersion  and  high  anisotropy,  it  is  known  that 
well-ordered packing is crucial for high efficiency. [PEN05] This is generally accomplished 
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Figure  6.26:  UV-Vis  absorption  (a),  PL excitation  (b),  and  PL emission  (c)  spectra 
of R6G spin coated on cross-linked BC nanotemplate (solid), PS (dot) and P4VP (dash) 
thin films. Excitation spectra were acquired at emission wavelength 640 nm, emission 
spectra at wavelength 480 nm. 15 nm slits has been used.
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in  the  PS-P4VP  nanotemplates,  however,  impregnation  may  irritate  the  regular 
morphology.
One can proceed as in case of direct functionalization, just to visualize morphology 
of thin films upon rinse of R6G by selective solvent,  e. g.  methanol.  [SID03]  Although 
a complete rinse of R6G was observed (using UV-Vis spectrometry),  it  was found that 
impregnation  strongly  influences  the  surface 
topography.  ►Fig. 6.29 demonstrates  topography 
of dioxane impregnated nanotemplates upon washing 
of R6G. Evidently,  characteristic porous topography 
of  nanotemplates  disappear  after  their  contact  with 
dioxane,  even  for  short  period  of  spin  coating 
procedure. Moreover, roughness of the film is higher 
for the soaked one (►Fig. 6.29a).
Any direct contact of ca. 50 nm thin cross-linked 
nanotemplate with a compatible solvent results in its 
instantaneous swelling. This swelling is very fast and the swollen film is several times 
thicker  than  the  original,  as  tested  by  simple  drop  of  dioxane  on  the  cross-linked 
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Figure 6.27: UV-Vis absorption (a), PL excitation (b), and PL emission (c) spectra of R6G 
spin  coated on cross-linked BC nanotemplates  of  various thicknesses:  87 nm (solid), 
52 nm (dash), and 30 nm (dot). Excitation spectra were acquired at emission wavelength 
640 nm, emission spectra at wavelength 480 nm. 15 nm slits has been used.
Figure 6.28: Relative PL emission 
efficiency of thin films of R6G spin 
coated  on BC nanotemplates  as 
a function of thicknesses. 
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nanotemplate which colorizes the film rapidly.  High rate of swelling tends to lowering 
of porosity and so shrunken films appear similar to homopolymer films. In the case of spin 
coating, collapse of pores isn’t complete and one can observe some occasional pores after 
rinsing (►Fig. 6.29b, namely in left-upper corner).
When the cross-linked nanotemplate is immersed in R6G solution, polymer is solvated 
by both solvent, and R6G, respectively. Some of R6G molecules are immobilized directly 
in polymer matrix but most of them are captured by P4VP successor in place of pores. 
Since  irradiation  of  PS-P4VP nanotemplates  leads  to  formation  of  free  radicals  in  it, 
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Figure  6.29:  AFM topography (500 × 500 nm2) of 15 h soaked (a), and spin-coated (b) 
respectively,  nanotemplates  upon  washing  of  Rhodamine 6G  out  of  the  film. 
Impregnation performed from 1,4-dioxane results in occupation of R6G predominantly in 
place of shrunken pores (c).
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[SUN06]  polymer chain may react  among each other  when there are enough close.  As 
a result, R6G is immobilized in a network of P4VP successor which can’t shrink to walls 
of pores during the selective rinse just due to cross-linking (►Fig. 6.29c). The rest of R6G is 
adsorbed at  the surface where agglomerates and aggregates during drying. Most of the 
agglomerates is removed upon additional short rinse of the film in dioxane. However upon 
this treatment, there was about 20 % of surface still occupied with aggregates.
Direct functionalization is based on the approach of Sidorenko et al. [SID03] in which 
block copolymer and low-molar-mass additive are reactively blended in an appropriate 
solvent and cast on the substrate. Self-assembly of these blends in thin films is strongly 
dependent  on molecular  interactions among the block copolymer,  the additive and the 
solvent, as well as on external stimuli, which determinate evaporation of the solvent and 
surface (and interface) interactions. Choice of additive is crucial for the self-assembly: 
evidently, surfactants like 3-pentadecyl phenol (PDP), [TOK04] 1-pyrene-methanol (PyM), 
2,1,3-benzoxadiazole-5-carboxylic  acid  (BOC),  2-(4-hydroxy-phenylazo)benzoic  acid 
(PHABA), or Disperse reds are not suitable because they results only in formation of thin 
micellar  layer  on  top  of  the  self-assembly (see  the  reflectivity  results  at  ►Fig. 6.3 and 
►Fig. 6.18). These additives often dimerize and crystalize. However, more reactive groups 
in an additive don't guarantee desired interactions because they depend firstly on the kind 
of  the  group  (e. g.  OH,  COOH),  then  on  intramolecular  bonding  (e. g.  ortho-HABA, 
MBAA, COFL) and steric effects in the molecule. Carboxylic group is generally preferred 
for  hydrogen  bonding  with  4-vinylpyridine  unit  of  PS-b-P4VP,  however  e. g.  in 
azobenzenes, only  ortho configuration hinders dimerization of molecules. Solvent is the 
important means for orientation of LMA in the assembly. [SID03,  TOK04] It takes effect 
during  drying  of  cast  film  as  well  as  vapor  annealing.  Extramolecular  bonding  and 
orientation of LMA results  e. g.  in  various PL intensities  and efficiencies of  thin film 
blends.
Post-functionalization is enabled thanks to opportunity of cross-linking of the porous 
nanotemplates,  [SUN06]  which  may  be  impregned  by  amphiphilic  dyes  from  diluted 
solvents. As demonstrated on Rhodamine 6G this results in dimerization mainly in pores 
but also in and on the PS matrix. Solvent takes effect not only in PL intensity but also in 
shape of the spectra, since polarity of solvent influences dimerization of R6G.
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Summary and outlook
Devices  based  on  self-assembled  functional  materials  are  promising  over  several 
branches  of  physics  and  chemistry,  since  their  enhanced  surface,  orientation  and  self-
organization make them not only more efficient but also provide other phenomena, like 
polarization or tunneling. In spite of plentiful sorts of composite self-assembled films, we 
focused  on  those  based  on  polystyrene-diblock-poly(4-vinylpyridine)  copolymer 
(PS-P4VP)  which  is  available  in  many  chain  lengths  with  excellent  polydispersity. 
Furthermore, PS-P4VP is strongly incompatible and its P4VP block is a good hydrogen 
acceptor.  Therefore,  such  properties  enable  formation  of  highly ordered  nanotemplates 
with a good phase contrast which may bear functional (e. g. fluorescent) molecules. This is 
very important namely in optical and optoelectronic applications where the organization 
and sharp interfaces play a crucial role.
The former work of I. Tokarev [TOK04] was further expanded towards optoelectronic 
applications so that  behavior of nanotemplates on various substrates and ambients was 
studied. Two basic ways of functionalization of the nanotemplates were defined. The first 
one  comes  from  direct  modification  of  PS-P4VP  by  functional  species  of  organic 
molecules and macromolecules,  inorganic clusters or other host  materials via hydrogen 
bonding.  Therefore,  it  is  called  direct  functionalization.  Actually,  it  involves  also  the 
procedure for templating of 2-(4-hydroxyphenylazo)benzoic acid (ortho-HABA), which is 
used as a temporary “substituent” of the template pores. [SID03]
As  is  demonstrated  in  ►Chapter 6,  this  blending  process  is  very  dependent  on  the 
hydrogen bond strength,  crystallization tendency,  size of the molecule,  and distribution 
of the hydrogen bond donor groups. In particular,  carboxylic groups seems to be more 
suitable than hydroxyl groups due to more stable (stronger) H-bonding. None the less, it is 
necessary  to  choose  only  substances  with  weakened  carboxyls,  for  instance,  via 
intramolecular  hydrogen  bonding (ortho-HABA vs.  para-HABA).  Exposed  carboxyls 
quickly dimerize in  solution during cooling because carboxyl  dimers  are  stronger  than 
carboxyl-P4VP complexes. On the other hand, hydroxyl in ortho-HABA also contributes 
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to the appearance of PS-P4VP nanotemplates, since it serves as a linker either between two 
ortho-HABA molecules  or  between  ortho-HABA and  P4VP.  Then,  hydroxyl  on  the 
opposite side of carboxyl suppresses surfactancy of the molecule. Experiments within the 
thesis  were  focused  on  H-bonded  organic  additives  only.  Ionic  complexation  was  not 
involved because the principal visualization technique was AFM, which requires removal 
of one of the phase for enhanced topographic contrast. Nevertheless, namely (rare earth) 
metal complexes may be interesting when explored using high-resolution SEM or FIB.
Post-functionalization utilizes porous nanotemplates developed via BC + ortho-HABA 
assemblies,  since  they  are  uniquely well-ordered.  An additive  is  loaded  in  the  porous 
nanotemplates. We can include in post-functionalization techniques e. g. electrochemical 
deposition  of metals  and  polymers,  physical  vapor  deposition  (PVD,  e. g.  magnetron 
sputtering and thermal evaporation of metals, but also organics), and impregnation from 
a solvent.  However,  applicability  of  these  techniques  on  PS-P4VP  nanotemplates  is 
different than on alumina or PS-PMMA templates, since metals and organic additives have 
high affinity to P4VP block, which is situated at the surface of the nanotemplate (mainly in 
pores but also partially on the top).
Electrodeposition, which is promising for loading of pores with high aspect ratio, may 
encounter  problems  with  insulating  blockade  layers,  either  due  to  rough  substrate 
electrodes or slow release of hydrogen gas from the narrow pores. The latter is obviously 
a reason  for  mosaic  appearance  of  nickel  nanodot  arrays  developed  via  PS-P4VP 
templates.  [SID04]  Moreover,  electrodeposition  of  certain  alloys  is  restricted  by  the 
dependence of alloy composition on the deposition current. Since the task is very complex, 
the interest of this thesis is put on the other techniques only.
It turned out that  PVD techniques, though limited by template aspect ratio, may be 
useful for modification of PS-P4VP nanotemplates. We demonstrated in ►Chapter 4 how the 
nanotemplates are toughened after sputtering of chromium in various deposition rates – 
thanks to interaction of Cr with P4VP (or even PS) the polymeric nanotemplates may be 
converted  by  several  procedures  in  organometallic nanotemplates,  which  are  stable  in 
almost any organic solvent, at high temperatures, and in acidic solutions.  On the other 
hand, reactivity of sputtered metal may be suppressed by the ambient gas, whose excited 
molecules hit on the metallic target. We demonstrated how one can sputter and convert 
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titanium in (optically active) TiO2 nanodots using oxygen gas for sputtering and subsequent 
thermal degradation of the polymeric matrix.
Finally, nanotemplates may be impregnated from diluted solutions of additives (dyes). 
Since  nanotemplates  are  stable  only  in  slightly  ionized  water  and  alcohols,  direct 
impregnation is inefficient. None the less,  UV cross-linking stabilizes them sufficiently 
[SUN06]  and  as  we  found,  they  can  be  well  impregnated with  amphiphilic  dyes  like 
Rhodamine 6G. We have demonstrated that rate of impregnation may be tuned by polarity 
of  solvent.  Dye molecules  occupy predominantly pores  but  a  portion penetrates  in  PS 
phase and some of them rest obviously on the surface.
We  focused  on  two  methods  characterizing  basic  optoelectronic  properties 
of nanotemplates: charge transport and photoluminescence (fluorescence).  Electrical DC 
transport was studied on chromium nanostructures developed via sputtering of Cr onto 
porous  nanotemplates.  Various  electrodes  (material,  roughness)  and  deposition  rates 
provided several organometallic assemblies with different current-voltage characteristics, 
which were also measured on thin PS and BC films. First, it turned out that DC transport 
reflects vertical profile of the nanostructures, i. e. thickness of an insulating adhesion layer, 
which is responsible for a non-linearity in the characteristics. In such nanostructures, we 
observed dominating current injection. Furthermore, we found that sputtered Cr diffuses 
abundantly in the adhesion layer (and the matrix) so that hopping is suppressed thanks to 
energy  overlap  of dense  charge  traps.  The  nanostructured  films  differ  from  the  BC 
homolayer  where  the  metallic  clusters  agglomerate  in  hopping  centers  with  hopping 
distance around 1.8 nm. So the applied transport models cleared up not only the current-
voltage characteristics but also structural aspects of the films and therefore, they have to be 
considered in development of e. g. light emitting devices based on these nanostructures.
While  studying  transport  properties  of  metal-filled  nanotemplates  (►Chapter 5),  we 
have faced difficulties  with roughness  of substrates  (bottom electrodes like ITO,  gold) 
because  they  disturb  their  self-assembly.  We  have  found  limiting  rms  nanoroughness 
of about 0.5−1 nm (taken per 1 × 1 μm2 area) over which the assembly is constrained. It is 
because of  similar  average  height  of  the  substrate  surface  with radius  of gyration  (Rg) 
of the minor P4VP block, which is more adhesive than the major PS block. A constituent 
part of the work was based on x-ray reflectivity analysis which helped in the investigation 
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of the vertical profiles of the nanostructures, and so, the influence of substrate roughness 
on formation of the nanotemplates.
Photoluminescence of several dyes assembled with block copolymer was found to be 
distinct from their homopolymer blends.  For instance,  blending of PyM with PS-P4VP 
resulted  in  increased  monomer  emission  of  the  pyrene  chromophore  unlike  the 
homopolymer blend. Self-organization of COFL + PS-P4VP provided several times higher 
emission efficiency than the disordered blend. We believe that these enhancement effects 
are  related  with  reorientation  (organization)  of  dye  molecules.  On  the  other  hand, 
impregnation of cross-linked nanotemplates by R6G is more fruitful than of cross-linked 
homopolymer  films,  however,  higher  PL  emission  efficiency  was  observed  in  the 
homopolymer films as a consequence of lower dimerization.
The work demonstrated that technology of PS-P4VP nanotemplates can build up and 
improve optoelectronic devices thanks to self-organization. In spite of the fact that  the 
weak character of hydrogen bonding can affect development of well organized assemblies 
it still provides an easy way for functionalization of nanotemplates, which is only restricted 
on several sorts of additives. Moreover, it may follow the procedure of Justynska, Schlaad 
et al. [JUS06]  in  an  effort  to  develop  semiconducting  PN  block  copolymers.  [SUN03] 
Furthermore,  porous  PS-P4VP nanotemplates  are  valuable  precursors  for  development 
of resistant  organometallic  nanotemplates  and  well-ordered  nanodots  of metal  oxides, 
nitrides, and other materials.
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